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ABSTRACT
Tn 181*3 0 .  0 .  S to k es  so lv ed  th e  e q u a t io n  o f  m otion  o f  a 
sy m m etr ica l  o b j e c t  moving th ro u g h  a p e r f e c t  f l u i d  and found t h a t  th e  
o b je c t  behaves a s  though i t  were i n  vacuum and had a mass e q u a l  to  
i t s  own p l u s  some c o n s ta n t  t im e s  th e  mass o f  th e  d i s p la c e d  f l u i d .
In  th e  ca se  o f a  c i r c u l a r  c y l i n d e r  t h i s  c o n s ta n t  i s  one . To 
d e m o n s tra te  t h i s  e f f e c t  one shou ld  have a n o n v isc o u s ,  in c o m p re s s ib le ,  
i r r o t a t i o n a l  f l u i d .  S u p e r f lu id  helium  s u g g e s t s  i t s e l f .  I f  r i g h t  
c i r c u l a r  c y l i n d e r s  a r e  a l low ed  to  form the  pendulum o f  a  t o r s i o n  
o s c i l l a t o r  th e  moment o f  i n e r t i a  and hence th e  p e r io d  w i l l  depend 
upon th e  v a lu e  o f  th e  c o e f f i c i e n t  o f  induced  m ass. I f  one 
c a l c u l a t e s  th e  moment o f  I n e r t i a  p r e d i c t e d  by S to k e s  p ro v id e d  th e  
c o e f f i c i e n t  i s  one , th e  r e s u l t s  o f  e x p e r im e n t  a g re e  a s  th e  tem p er­
a t u r e  a p p ro a c h e s  z e ro .  D isagreem ent above 0°K r e s u l t s  from, th e  
e x i s t e n c e  c f  normal f l u i d  and a c l i n g in g  l a y e r .  The normal f l u i d  
can cause  no induced I n e r t i a  i f  i t  does n o t  move w i th  r e s p e c t  
to  th e  colum ns. In  o r d e r  to  keep I t  from moving th e  columns 
( p l a t e s  a c t u a l l y  a s  th e y  have th e  same induced  i n e r t i a )  a re  
i n s e r t e d  in  a r o l l  o f  dacron  gauze in  which th e  sp a c in g  between 
f i b e r s  i s  r a t h e r  s m a l l .  Thus th e  normal f l u i d  i s  c a r r i e d  a lo n g .
v i i
I f  p e r io d s  o f  t h i s  o s c i l l a t o r  a r e  measured f o r  many te m p e ra tu re s  
one f in d s  agreement between th e o ry  and experim ent no t only  a s  the 
tem pera tu re  approaches  zero  bu t a t  a l l  te m p e ra tu re s  below the  
Lambda p o in t .
Moments o f  i n e r t i a  were measured e x p e r im e n ta l ly  by m easuring 
p e r io d s  o f  o s c i l l a t i o n .  What i s  c h i e f l y  of i n t e r e s t  here i s  the  
amount o f  induced i n e r t i a  due to  the  motion o f  th e  columns through 
th e  f l u i d ,  and n o t  th e  i n e r t i a  o f  th e  columns them se lves .  Thus 
measurements were ta k e n  in  vacuum in  o rd e r  to  e l im in a te  the  
in h e r e n t  i n e r t i a  of th e  o s c i l l a t o r .  The measurement o f  tim e i s  
th u s  o f  fundam ental im portance . I t  was accomplished by a llo w in g  
a beam o f  l i g h t  to  be r e f l e c t e d  from a m i r r o r  f ix e d  on the  o s c i l l a t o r  
and f a l l  upon a p h o to m u l t ip l i e r  each time the  system went through 
i t s  e q u i l ib r iu m  p o s i t i o n .  The p u ls e s  from th e  p h o to m u l t ip l i e r  
f i r e d  a neon glow tube  which gave a very  sha rp  p u lse  which could 
be s e t  to  correspond  in  time to  th e  maximum o f  th e  lo n g e r  
d u ra t io n  p h o to m u l t ip l i e r  p u ls e .  The sh a rp  p u ls e s  were counted in  
a s c a l e r  which was s l i g h t l y  rew ired  so a s  to  a c tu a te  a g a te  which 
allow ed a 1000 cy c le  S tandard  O s c i l l a t o r  S ig n a l  to  be counted on a 
glow t r a n s f e r  c o u n te r .  The g a te  was opened, a t  th e  choice  o f the  
o p e r a to r ,  f o r  e i t h e r  one, th r e e  o r  seven p e r io d s  o f  th e  o s c i l l a t o r ,
L a te r  in  h i s  l i f e  G. G. S tokes so lved  th e  problem of a sphere 
and a l s o  a c i r c u l a r  rod o s c i l l a t i n g  in  a v isc o u s  f l u i d .  T h is  th eo ry  
i s  d i r e c t l y  a p p l ic a b le  to  th e  normal f l u i d  o f  l i q u i d  helium w hile  
Stokes* e a r l i e r  th e o ry  i s  a p p l ic a b le  to  th e  s u p e r f lu id .  Thus one
v i i i
can c a lc u l a t e  th e  c o n t r ib u t io n  to  th e  moment o f  i n e r t i a  o f  a fo u r  
column o s c i l l a t o r  from th e  s u p e r i lu ld  and add i t  to  the  c o n t r ib u t io n  
from th e  normal f l u i d .  In  a d d i t io n  to  t h i s  one must in c lu d e  the  
c o n t r ib u t io n  to  th e  I n e r t i a  due to  th e  f l u i d  which c l in g s  t o  d i s k s .  
I f  a l l  t h r e e  o f th ese  c o n t r ib u t io n s  be added to g e th e r  one f in d s  th e  
r e s u l t  In s t r i k i n g  agreem ent w ith  the  e x p e r im e n ta l ly  determ ined 
i n e r t i a .
ix
INTRODUCTION
An o b je c t  which when p laced  In  an  l r r o t a t i o n a l ,  In c o m p re ss ib le  
and n o n v isc c u s , i . e .  p e r f e c t  f l u i d ,  upon a c c e le r a t io n  e x p e r ie n c e s  a 
r e ta r d in g  fo rc e  p r o p o r t io n a l  to  th e  a c c e l e r a t i o n .  S in ce  t h i s  i s  so , 
th e  dynam ics o f  th e  body can be ex p ressed  q u i te  sim ply  a s  th e y  would 
have been i n  vacuun w ith  th e  e x c e p tio n  t h a t  i t s  mass m ust be c o n s id e re d  
to  be In c re a s e d . T h is  in c re a s e  in  mass i s  c a l le d  th e  induced mass 
o r  added m ass. The f i r s t  m a th em atica l a c c o u n t o f  t h i s  f a c t  was 
p re se n te d  in  18U3 by 0 . G. S to k e s .*
E x p e rim en ta l v e r i f i c a t i o n  o f  t h i s  co n cep t has been v e ry  sp a rce  
and a t  b e s t  o n ly  v e ry  ap p ro x im a te . In  1920 G. Cook2 perform ed an 
ex p e rim en t on a sphopb i.n a o f  wat®r* Hq a l  Xowbd spho ps t*o
f a l l  and f r c n  i t 3  a c c e le r a t io n  d e te rm in ed  th e  c o e f f i c i e n t  o f  induced 
mass to  be 0.U 6, i . e .  th e  induced mass was e q u a l to  0.1*6 tim e s  th e  
mass o f  th e  l iq u id  d is p la c e d .  S tokes*  c a lc u la t io n s  on a  p e r f e c t  
f lu i d  in d ic a te  th e  c o e f f i c i e n t  shou ld  be o n e - h a lf .  In  19l*2 Y. T.
Yu-  ̂ r e p o r te d  an ex p e rim en t in  which a  t o r s io n  pendulum was u se d . Two 
sp h e re s  and a l s o  c y l in d e r s  o f  v a r io u s  le n g th s  w ere s e p a ra te d  by a
*0. G. S to k e s , T ran s . Com. P h i l .  Soc. 8 , 105 (18U 3).
2G. Cook, P h i l .  Mag. 39, 350 (1 9 2 0 ).
^Y. T. Yu, J o u r .  A ppl. P hys. 13, 66 (19l*2).
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rod w hich was su p p o rted  by a t a u t  p ia n o  w ire . When th e  system  was s e t  
In to  to r s io n  o s c i l l a t i o n  in  some l iq u id  th e  p e r io d  was o b serv ed  and 
compared to  t h a t  in  a i r .  H is c a lc u la t io n s  in d ic a te d  a c o e f f i c i e n t  o f  
induced  mask o f  1 .2 8  p e r  u n i t  le n g th  f o r  a  c y l in d e r .  S to k e s1 c a lc u ­
l a t i o n s  in d ic a te  th e  c o e f f i c i e n t  should  be one p e r  u n i t  le n g th .
The reaso n  t h a t  th e re  i s  alw ays so much d is c re p a n c y  betw een th e  
th e o ry  and ex p e rim en ts  i s  m ain ly  t h a t  th e  h y p o th eses  a r e  n o t  f u l f i l l e d .
One m ust needs have an  i r r o t a t l o n a l ,  in c o m p re ss ib le  and above a l l  non- 
v i s  cous f l u i d .  Such a f lu id  i s  n o t r e a d i ly  o b ta in a b le ,  t h a t  i s  
n o n v lsco u s f l u i d s  a re  r a r e  -  b u t  n o t  n o n e x is te n t .  As i s  w e ll  known, below 
th e  s o -c a l le d  \  p o in t  l iq u id  helium  can be c o n s id e re d  a s  a m ix tu re  o f 
a  norm al f lu id  w ith  a l l  th e  common p r o p e r t i e s  in c lu d in g  v i s c o s i ty  and 
a s u p e r f lu id  w hich i s  c o n s id e red  a s  n o n v lsco u s . As has been shown by 
Dash and T ay lo r* , A n d ro n ik asv illi"*  and o th e r s  th e  norm al f lu id  d e n s i ty  
f a l l s  o f f  v e ry  r a p id ly  below  2.18°K w h ile  th e  s u p e r f lu id  d e n s i ty  
in c r e a s e s  in  such a way t h a t
where p  i s  th e  t o t a l  d e n s i ty  o f  th e  f l u i d  and t -  ?  • *  th e  \
p o in t .  A t th e  zero  o f  te m p e ra tu re  • The dependence has as
y e t  d en ied  r e p r e s e n ta t io n  by a s in g le  fo rm ula  o v e r  th e  e n t i r e  range
from th e  p o in t  to  0°Kj however, ex p e r im e n ta l t a b u la t io n  i s  
p o s s ib le .  A t te m p e ra tu re s  o f  th e  o rd e r  o f  1.3°K th e  r a t i o  f t  ' P
k j .  0 . Dash and R. D. T a y lo r , P hys. Rev. 105, 7 (1 9 ? 7 ).
L . A n d ro n ik a s h v il l i ,  J .  P hys. U .S .S .R . 10, 201 (19i*6).
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i s  a lre a d y  0 .961 which in d i c a t e s  th e  helium  a t  t h a t  tem p e ra tu re  i s  
very  n e a r ly  e n t i r e l y  n o n v isc o u s . Here th e n  i s  a l iq u id  which should  
a f f o r d  good r e s u l t s  w ith  r e s p e c t  to  th e  Induced m ass e x p e r im e n ts .
The p u rp o ses  o f  t h i s  p a p e r  a r e  1) to  e x p e r im e n ta lly  v in d ic a te  th e  
co n cep t o f  induced mass in  a  p e r f e c t  f l u i d  and 2)  to  i n v e s t ig a te  th e  
induced  m ass co n cep t in  a n o m a l f l u i d .  The f i r s t  o f  th e s e  was shown 
to  be th e  case^  by a t o r s i o n a l  o s c i l l a t o r  ex p erim en t in  w hich th e  low 
tem p e ra tu re  v a lu e s  approached  th e  t h e o r e t i c a l l y  p r e d ic te d  v a lu e .  T his 
p a p e r  r e p o r t s  an ex p erim en t w hich a llo w s  th e  th e o ry  f o r  p e r f e c t  f lu id s
to  be in v e s t ig a te d  a t  a l l  te m p e ra tu re s  betw een th e  ^  p o in t  and 1.3°K .
7
As to  th e  second p o in t ,  S to k es  in  a l a t e r  p a p e r  has so lv ed  th e  problem  
in  th e  v is c o u s  case  and ex p e rim en ts  re p o r te d  here  a re  compared to  
t h i s  l a t e r  th e o ry .
^B. J .  Good, D i s s e r t a t io n ,  L o u is ia n a  S ta te  U n iv e r s i ty .
J .  M. R eynolds, B. J .  Good, W. J .  S c h u l t i s ,  B u l l .  Amer. Phys. 
S o c . 3 , 28U (1 9 5 8 ).
^G. G. S to k e s , T ra n s . Com. P h i l .  Soc. 9 , 8 (1 8 5 1 -5 6 ).
P ig .  1
CHAPTER I  
METHODS Of INVESTIGATION
S in ce  th e  tim e o f  S to k es  th e  m a th em atica l t r e a tm e n t  o f  th e  con­
c e p t o f  induced  mass has re c e iv e d  much a t t e n t i o n  and i s  q u i te  v e i l
i r r o t a t i o n a l ,  in c o m p re ss ib le , n o n v lsco u s f lu id  i s  g iv en  d e ta i l e d
to  th e  mass o f  th e  d isp la c e d  f l u i d .  T h is  s h a l l  be c a l le d  a c o e f f i c i e n t  
o f  induced  m ass, K, e q u a l to  one. A lso th e  case  o f  an e l i p t i c a l  
c y l in d e r  and in  p a r t i c u l a r  th e  d e g e n e ra te  case  o f a f l a t  p l a t e ,  w id th  
d , r e c e iv e s  a t t e n t i o n  in  Lamb*s H ydrodynam ics. There i t  i s  shown t h a t  
th e  induced  mass i s  j u s t  e q u a l to  th e  m ass o f  th e  f l u i d  which would 
have been d is p la c e d  by a r i g h t  c i r c u l a r  c y l in d e r  o f  r a d iu s  d /2 .  That 
i s  f o r  th e  p a r t i c u l a r  case  a t  hand, nam ely , a c y l in d e r  o f  r a d iu s  a , 
w hich i s  f ix e d  a d is ta n c e  r  from th e  c e n te r  o f  r o ta t io n  o f th e  
o s c i l l a t o r ,  and w hich has a h e ig h t  h, th e  induced i n e r t i a  Ig  shou ld
f o r  each  c y l in d e r  on th e  o s c i l l a t o r ,  so t h a t  f o r  th e  f o u r  column
®G. B irk h o ff ,  HydrodynnBlcs a  Study in  L o g ic , F a c t , and 
S im i l i tu d e , P r in c e to n ; r r in c e to n  U n iv e r s i ty  P r e s s ” "L950. p . 151.
ft
worked o u t .  The case  o f  a r i g h t  c i r c u l a r  c y l in d e r  o s c i l l a t e d  in  an
g
a t t e n t i o n .  The s o lu t io n  r e q u ire d  th a t  th e  induced  mass i s  j u s t  eq u a l
be .
(M -i)
H. Lamb, Hyd 
P L o lic a t io n s ,  1932. p
S ix th  E d i t io n ,  New Y ork; Dover
o s c i l l a t o r
( M )
where ^  i s  th e  d e n s i ty  o f  th e  f lu i d  d is p la c e d .
There a re  a t  l e a s t  two p o s s ib le  ap p ro ach es  w hich  le a d  t o  th e
c a lc u la t io n  o f  induced  m ass o f  a c y l in d e r .  The f i r s t  c o n s i s t s  o f
s o lv in g  f o r  th e  v e lo c i ty  p o t e n t i a l  (j)  and s tream  f u n c t i o n ' l l  o f  th e
l iq u id  in  a l l  sp a c e . B o t h ^  and'”̂ / '  a r e  harm onic in  th e  i r r o t a t i o n a l
case  so t h a t  th e y  a r e  o b ta in e d  by so lv in g  L a p la c e 's  e q u a tio n  f o r  the
p ro p e r  boundary c o n d i t io n s .
In  th e  ca se  o f  a c y l in d e r  moving in  a  p e r f e c t  f lu i d
Cij> =  U < C  CCS ©  (M-3)
T-r t  ■. 0  (M-h)
= -U < a . s t r t  &
1 r
where U i s  th e  v e lo c i ty  o f  th e  c y l in d e r ,  a i s  i t s  r a d iu s ,  and &  
and r  a re  th e  c o o rd in a te s  o f  th e  p o in t  in  q u e s tio n  in  th e  f l u i d .
From th e s e  two f u n c t io n s  one can f in d  th e  k i n e t i c  en erg y  o f  th e  f lu id
-if (M-5)
where p  i s  th e  d e n s i ty  o f  th e  f l u i d .  Upon p e rfo rm in g  th e  I n te g r a t io n
th e  k i n e t i c  energy  i s  found to  be
K . E . ^ ( T f ^ ) U l = i r f - t f %  c«-6)
w here M1 i s  j u s t  th e  m ass o f  th e  d is p la c e d  f l u i d  p e r  u n i t  le n g th  o f 
th e  c y l in d e r .  I f  t h i s  i s  th e  k in e t i c  energy  o f  th e  f lu id  due to  the
m otion  o f th e  c y l in d e r  th e n  th e  t o t a l  en e rg y  o f  th e  system  i s
7
(M-7)
w here X I s  th e  e x te r n a l  fo rc e
x  * K j *  * • 5 ?  =  ( M *  M‘) §  (M-8)
so  t h a t  th e  f l u i d  d y n a m ic a lly  h as  th e  same e f f e c t  a s  though 
th e  c y l in d e r  were more m assiv e  by th e  a d d i t io n  o f  th e  mass o f  th e  
f l u i d  d is p la c e d  p e r  u n i t  o f  le n g th .
The second m ethod o f  f in d in g  th e  in duced  mass i s  more d i r e c t .  
The e q u a t io n s  o f  m o tio n  a re
4 U 5 a  ► *  X -
3  * e *  ® Y  ^
a W - -jr ^
* t  4 *  n  * 5 »  /  f  * 1  ( m-9)
\ *  v  a - l i ?  ♦ +  J -  t a r  r  7  -  V * /3  ̂ $ w r
B ecause o f  th e  d e f i n i t i o n  o f  ( j )  nam ely
u-.15 jur.?< 9  (M-io)
' s - ,  v i
e q u a t io n s  (M-9) red u ce  to
-  4 U 4 4 U T ^  •  - . 3 A - __ -L
, . au_ ^  (M -U )
5 » 3 t
w h e r f r - ^ j  I s  th e  e x te r n a l  fo rc e  X i f  one e x i s t s .
E q u a tio n  (M -ll)  has i t s  i n t e g r a l
2 2 ? iwhere q i s  th e  r e s u l t a n t  r e l o c i t y  (u  + v ■* w )* ,  F ( t )  i s  an 
a r b i t r a r y  fu n c t io n  o f  tim e and X L  i s  th e  fo rc e  p o t e n t i a l .  Now i f  one 
n e g le c t s  th e  a c t io n  o f  an e x t e r n a l  fo rc e  ( a s  f o r  in s ta n c e  g r a v i ty )  
a l l  t h a t  n eed s  be done i s  s u b s t i t u t e  in  th e  v a lu e  o f  and q^ a t
th e  boundary . Thus in  t h i s  m ethod a knowledge o f  th ro u g h o u t space
i s  n o t  n e c e s s a ry .  Now, f o r  r = 0




In  o r d e r  to  f in d  th e  r e s u l t a n t  fo rc e  p e r  u n i t  le n g th  i t  i s  
n e c e s s a ry  to  m u l t ip ly  p  by i t s  in c re m e n ta l  a r e a  -a  c o s© d ©  and 
i n t e g r a t e .  The i n t e g r a t i o n  g iv e s  a s  b e fo re
Tn o r d e r  to  d i r e c t l y  d e t e c t  t h i s  induced  i n e r t i a  r i g h t  
c y l i n d r i c a l  colum ns w ere a llo w ed  to  form th e  pendulum o f  a to r s io n
o s c i l l a t o r .  The d i f f e r e n t i a l  e q u a tio n  f o r  a damped to r s io n  
o s c i l l a t o r  I s  w e ll  known.
7  4 1 ^  +■ c 4
*  + U a t  7
Where I  i a  th e  moment o f  i n e r t i a  o f  th e  o s c i l l a t o r ,  C i s  th e  
s t i f f n e s s  o f  th e  su sp en s io n  w ire  and L i s  a m easure o f  th e  r e s i s ta n c e  
o f  f lu id  flow . T h is  can be r e w r i t te n  a s
4 ! i  .  a «  ^  +  s ‘ f 5 °
i t *  J *  C M—17)
i f
Then th e  g e n e ra l s o lu t io n  i s
4 '  c a * ( ^ - p )
where




(M-20)c j . -  i s 1 -  s i
Now, r ,  a re  s u c c e s s iv e  a m p litu d e s , th e r
$  e “ 14 1 6
T  “  i f t + e >  =  e  (M-21)
(M-22)
s .  A e . a j L J L




ao t h a t
-  o l
"  (M-2U)
a n
© ■ 0  . m i ,  ( » - « >
* 5  - y i f S T a ’
and s u b s t i t u t i n g  the  v a lu e  o f  S from (M-18) g iv e s
^ C  (  i v  3 ‘/ n v' )© --i-n  Vc“ V *n‘ ) <"-*>
< '  j  -3
In  a l l  th e  ex p e rim en ts  d e sc r ib e d  in  t h i s  p a p e r 5 - .  v  1 .8 2  x 10
so th a t  th e  e q u a tio n  ta k e s  th e  form
© ' J T T ^ t
o r
0  - Q I (M-27)
A v e iy  im p o rta n t concern  th e n  i s  j u s t  w hat th e  moment o f  i n e r t i a ,  
I ,  i s  in  any  g iv en  c a s e .  Of co u rse  I  r e p r e s e n ts  th e  sum o f  a l l  th e  
moments from w hatever e f f e c t s  may o c c u r . In  th e  f i r s t  p la c e  th e  
o s c i l l a t o r  has some i n t r i n s i c  moment o f  i n e r t i a ,  i . e .  i t s  moment in  
vacuum. T h is  s h a l l  be denoted  by the  s u b s c r ip t  0 . I f  th e  o s c i l l a t i o n  
o c c u rs  in  a p e r f e c t  f lu id  then  th e re  should  a ls o  be th e  p re v io u s ly  
m entioned induced i n e r t i a ,  Ig .  I f  th e  f lu i d  i s  v is c o u s , boundary la y e r
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th eo ry  in d ic a te s  th a t  th e re  should  be some c l in g in g  la y e r  which w i l l
be in te r p r e te d  a l s o  in  term s o f  th e  i n e r t i a  i t  w i l l  add to  the
10
system  . For th e  case o f th e  d isk s  i t  has been shown th a t  
the  th ic k n e s s  o f t h i s  la y e r  i s
/ [  =■ i f f  < " -28>
w h e r e i s  th e  v i s c o s i ty  and i s  th e  d e n s i ty .
T or th e  p o s ts ,  however, i t  i s  d i f f i c u l t  to  say  j u s t  what th e
tem p era tu re  o r  v e lo c i ty  dependence o f th e  la y e r  th ic k n e s s  w i l l  be .
However, i t  w i l l  c o n tr ib u te  some i n e r t i a  1 ^  .
The exp erim en ts  o f  Cook and Tu in d ic a te  t h a t  in  » r e a l  v isc o u s
l iq u id  th e r e  i s  s t i l l  th e  induced i n e r t i a  e f f e c t  a lth o u g h  th e  e x a c t
v a lu e  o f th e  c o e f f i c i e n t  i s  in  q u e s tio n . However, th e re  w i l l  be
an induced i n e r t i a  in  th e  v isc o u s  c a se , a s  w i l l  be d isc u s se d  l a t e r .
The two f lu id  model o f T i s z a ^  f o r  helium  below the ^  p o in t
12has been dem onstrated  to  be a good r e p r e s e n ta t io n .  Landau has 
g iven  added credence to  th e  model by a quantum m echanical tre a tm e n t 
which I n te r p r e t s  the  so c a l le d  " s u p e r f lu id "  as a background f l u i d  in  
w hich e x c i ta t io n s  may a r i s e .  The e x c i t a t io n s  can them selves be 
co n sid e red  a s  th e  norm al f lu id  a s  th e y  can c a r ry  momentisn, exchange
0 . Dash and R. D. T a y lo r , og. c l t .
U L. T l s i a ,  Phys. Rev. 72, 838 (19U7).
12L. Landau, J .  Phys. U. S . S . R. 11, 91 (19U7).
1?
en erg y  w ith  th e  w a lla  and each  o th e r  and th u s  in tro d u c e  v i s c o s i t y .  
T isza* s  model would h a re  helium  below  th e  Lambda p o in t  c o n s is t  o f  
two in te rm in g le d  f l u i d s ,  a  norm al and a s u p e r f lu id . The norm al f lu id  
d e n s i ty  d e c re a se s  from  th e  r a lu e  o f  th e  t o t a l  d e n s i ty  ^  a t  th e  
^  p o in t  to  0 a t  0°K. The s u p e r f lu id  a l s o  changes r e l a t i v e  d e n s i ty  
so t h a t
f t  4  *  f  (M-29)
The tem p e ra tu re  dependence o f  th e  r a t i o  a s  g iv en  by
11London  ̂ and based on an ex p erim en t by A n d ro n ik a s h v il l i  i s
/  \ S - C
(M-30)
w here T i s  th e  te m p e ra tu re  a t  which th e  norm al d e n s i ty  i s  ^  and T ^  
i s  th e  Lambda p o in t .  Dash and T a y lo r ^  f in d  t h a t  th e  e x p re s s io n ,
P
y  ,  A 1 (M-31)
where A i s  a c o n s ta n t  and i s  th e  minimum en erg y  re q u ire d  to  e x c i te  
a ro to n ,  a g re e s  b e t t e r  w ith  e x p e rim e n t. However, ta b u la te d  v a lu e s  
o f  th e  e x p e r im e n ta l r e s u l t s  a r e  g iv e n .
Being s a t i s f i e d  t h a t  l iq u id  helium  below th e  ^  p o in t  can be 
r e p re s e n te d  a s  a m ix tu re  o f  norm al v is c o u s  f l u i d  and su p e r (n o n v lsc o u s )  
f l u i d ,  th e r e  i s  th e n  an o p p o r tu n ity  to  p u t th e  p r e d ic t io n
^■^F. London, S u p e r f lu id s , V o l. 2, New York; John W iley & Sons, 
I n c . ,  195U. p . 66 .
0 . Dash and R. D. T a y lo r , og . c i t .
o f  induced i n e r t i a  in  a p e r f e c t  f lu id  to  th e  t e s t .  F o r te m p e ra tu re  
in  th e  neighborhood o f  l .? ° K  f o r  i n s t a n c e ^  i s  a l r e a d y  o f  th e  o rd e r  
o f  0 .9 6  t h a t  l a  to  say t h a t  96 p e r  c e n t  o f  th e  f l u i d  i s  n o n r is c o u s .
The momenta o f  i n e r t i a  one would e x p e c t t o  be d isp la y e d  i f  a  
fo u r  column system  i s  a llow ed  to  o s o i l l a t e  in  helium  below th e  
Lambda p o in t  a r e ;  i t s  i n t r i n s i c  moment, i . e .  i t s  moment o f  i n e r t i a  
in  vacuum I Q; th e  moments o f  i n e r t i a  due to  th e  c l in g in g  l a y e r s  o f  
norm al f lu i d  1^ on th e  p o s t  and 1 ^  on th e  d is k s  (w hich would be 
ex p ec ted  to  d e c re a se  w ith  te m p e ra tu re ) j  th e  induced  moment o f  
i n e r t i a  due to  th e  s u p e r f lu id ,  which would be g iv en  by e q u a tio n  
(M-2) where ^  would be re p la c e d  by p ; th e  induced  moment o f  
i n e r t i a  o f  th e  norm al f lu id  w hich would a l s o  be g iv en  by (M -2), 
however, ^  should  be re p la c e d  by ^  . T hat i s  th e  t o t a l  moment o f
i n e r t i a  I  would be
I  * 4 + ^ 5  *  ^ E ^  *  ^  Es (M-32)
where th e  s u b s c r ip ts  n and s r e f e r  to  norm al and su p e r  com ponents 
o f  T̂ p.
At th e  lo w er te m p e ra tu re , because  th e  norm al f lu id  i s  s c a rc e  one 
ig h t  e x p e c t t h a t  I4 + I Q+ 1^m 
and
I  * I s
(M—33)
rem em bering t h a t
Ill
and I . - *  I  as T-* 0 . Whenever f u r th e r  re fe re n c e  i s  made to  the 
s v
fu n c tio n  i t  s h a l l  be c a lle d  the  a d d i t io n a l  moment o f  i n e r t i a
I  . Then from th e  above d isc u ss io n  i t  i s  seen th a t  I  should be 
^ A
eq u al to  I  a t  0°K and in c re a se  w ith  in c re a s in g  tem p era tu re .
1?
Such an experim ent was perform ed , m easuring th e  p e rio d  fo r  
v a rio u s  tem p era tu re s , T, between the  \  p o in t  and approxim ate ly  
1.30°K. The r e s u l t s  a re  s im i la r  to  th o se  shown in  F ig .  2. The 
d o tte d  l in e  in  th e  f ig u re  in d ic a te s  the  c a lc u la te d  v a lu e  Ig  
o b ta in ed  from eq u a tio n  (M-2) f o r  the  p a r t i c u l a r  o s c i l l a t o r  used .
In  an e f f o r t  to  show th a t  th e  r e s u l t s  a re  n o t g r a tu ito u s  
s e v e ra l in v e s t ig a t io n s  were u n d ertak en .
1. The q u e s tio n  a r i s e s t  would th e  low tem p era tu re  r e s u l t s  
be th e  same i f  th e  p erio d  o f  o s c i l l a t i o n  were changed? Perhaps by 
some fo r tu n a te  cho ice o f p e r io d s  th e  a d d i t io n a l  moment o f i n e r t i a  
I  happens to  f a l l  to  1^ a t  th e  low tem p era tu re  end . In  o rd e r  to  
s e t t l e  t h i s  q u e s tio n  a number o f  d i f f e r e n t  runs were made in  which 
th e  p e rio d  o f o s c i l l a t i o n  v a ried  from 22 to  U seconds. This was 
accom plished by e i t h e r  changing the  d im ensions o f the  su sp en sio n , 
th e  m a te r ia l  o f th e  susp en sio n  w ire o r  th e  i n e r t i a  o f th e  o s c i l l a t o r .  
The l a s t  change could be b rought abou t by using  e i t h e r  hollow o r 
s o l id  columns. I f  hollow  columns were used th e  ends were punctured  
so th a t  th e re  would be no q u e s tio n  a s  to  w hether o r  n o t l iq u id  helium
J .  Qood. og. c i t .









leak ed  in to  them . The moment o f  i n e r t i a  o f  th e  helium  c a r r i e d  v a s
©v-
c a lc u la te d  and s u b tra c te d  from th e  fu n c t io n  — bef or e  b e in g  
d isp la y e d  a s  1^.
2. The th e o ry  o f  induced  i n e r t i a  a s  o u t l in e d  p r e v io u s ly  i s  
based on th e  assum ption  t h a t  th e  f lu id  i s  o f  i n f i n i t e  e x te n t  and t h a t  
th e  columns a re  i n f i n i t e .  The l a t t e r  c o n d i t io n  re d u c es  th e  problem  
e s s e n t i a l l y  to  one o f  two d im en sio n s . T h is  can a l s o  be acco m p lish ed , 
a s  i s  th e  case  in  t h i s  work, by p la c in g  th e  columns between two 
f l a t  p l a t e s .  However, th e  f l u i d  i s  n o t  o f  i n f i n i t e  e x te n t .  R. D e e k ^  
has worked o u t a c o r r e c t io n  f o r  th e  c y l in d r i c a l  boundary which 
in d i c a t e s  t h a t  th e  Ig  c a lc u la te d  f o r  an i n f i n i t e  f l u i d  need o n ly  
be m u l t ip l ie d  by a c o n s ta n t  d i f f e r i n g  from  one o n ly  by ap p ro x im a te ly  
two p e r  c e n t f o r  m ost o f  th e  ex p e rim en ts  re p o r te d  h e re .  An 
ex p erim en t was d e v ise d  to  check th e  v a l i d i t y  o f  t h i s  a s s e r t i o n .
A m ovable w a ll  was a rran g ed  so t h a t  th e  p e r io d  o f  th e  o s c i l l a t o r  
in  l i q u id  helium  cou ld  be m easured u s in g  t h i s  in n e r  movable w a ll  a s  
a boundary and hav ing  removed th e  w a l l ,  th e  p e r io d  cou ld  a g a in  be 
m easu red .
3- Not o n ly  i s  i t  p o s s ib le  t h a t  th e  boundary could  have i t s  
e f f e c t ,  b u t a ls o  th e  columns may have an e f f e c t  upon one a n o th e r  a s  
th e y  move in  th e  l i q u i d .  In  an e f f o r t  to  s e t t l e  t h i s  q u e s tio n  an 
o s c i l l a t o r  was c o n s tru c te d  w hich c o n ta in e d  o n ly  two colum ns, r a t h e r  
th a n  th e  f o u r  which had been used b e fo re .  I f  th e r e  were no e f f e c t
i6 R. Deck, T h e s is ,  L o u is ia n a  S ta t e  U n iv e r s i ty .
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o f  one column upon a n o th e r ,  one would e x p e c t t h a t  a g a in  would 
te n d  to  I |j  ae  th e  te m p e ra tu re  approached  0 and f u r t h e r  t h a t  s in c e  
th e  r a d iu s  o f  th e  colum ns, and th e  d is ta n c e  from  th e  columns to  
th e  c e n te r  o f  b o th  o s c i l l a t o r s  was th e  same t h a t  th e  l im i t in g  v a lu e  
a s  te m p e ra tu re  d e c rea se d  o f  th e  two column o s c i l l a t o r  should  be 
J u s t  o n e -h a lf  w hat i t  was f o r  th e  fo u r  colvonn o s c i l l a t o r .
U* I t  was e a r l i e r  rem arked t h a t  th e  induced  I n e r t i a  o f  a 
f l a t  p l a t e  p e r  u n i t  le n g th  cou ld  be c a lc u la te d  by e q u a tio n  (M-2) 
i f  now we u n d e rs ta n d  by a  th e  h a l f  w id th  o f th e  p l a t e .  Now i f  
t h i s  i s  th e  ca se  and th e  p l a t e s  were a rra n g e d  in  an  e x a c t ly  s im i la r  
m anner to  th e  column o s c i l l a t o r ,  th en  th e  c a lc u la te d  induced  i n e r t i a  
f o r  b o th  should  be th e  same; th e  d i f f e r e n c e  in  c o n f ig u ra t io n  should  
be im m a te r ia l .  T h is  could  s u re ly  only  be th e  ca se  in  a f lu id  f o r  
w hich th e  o r ig in a l  c a lc u la t io n s  were made, nam ely, an l r r o t a t i o n a l ,  
in c o m p re s s ib le , n o n v isco u s  f l u i d .  S in ce  a t  ab o u t 1.3£°K  t h i s  i s  
v e ry  n e a r ly  th e  case  th e  r e s u l t s  f o r  bo th  o s c i l l a t o r s ,  acco rd in g  to  
th e o ry  should  be th e  same.
5 . One would l i k e  to  know t h a t  th e  ex p e rim e n ts  re p o r te d  were 
perform ed in  such a ran g e  o f v e l o c i t i e s  t h a t t  1) th e  s u p e r f lu id  
v e lo c i ty  d id  n o t  exceed th e  c r i t i c a l  v e lo c i ty .  T h is  c r i t i c a l  
v e lo c i ty  i s  th e  v e lo c i ty ,  depending  upon th e  system  under o b s e rv a t io n , 
beyond w hich th e  s u p e r f lu id  b e g in s  to  lo o se  i t s  n o n v isco u s c h a r a c te r ­
i s t i c s  and any a tte m p t t o  fo rc e  s u p e r f lu id  to  flow  f a s t e r  th a n  t h a t  
v e lo c i ty  p resum ably  r e q u i r e s  energy  s u f f i c i e n t  to  c r e a te  a d is tu rb a n c e ,  
a  quantum o f  v o r t i c i t y .  2) The norm al f l u i d  v e lo c i ty  i s  such  th a t  
th e  flo w  i s  la m in a r .
In  an e f f o r t  to  a s c e r t a i n  th e  v a l i d i t y  o f  th e  two above p o in t s
s e v e r a l  v e ry  i n t e r e s t i n g  c a l c u l a t i o n s  w ere m ade.
B efo re  d is c u s s in g  th e  e x p e r im e n ts  i t  would be w e ll  to  rev iew
some o f  th e  p e r t i n e n t  hydrodynam ics1 f a c t s .  E x p e rim en ts  done in
norm al f l u i d s  i n d i c a t e  t h a t  th e  t o t a l  r e s i s t a n c e  to  t r a n s l a t i o n
o f  an  o b je o t  i s  v e ry  n e a r ly  p r o p o r t io n a l  to  th e  sq u a re  o f  i t s
v e l o c i t y ,  U, and to  th e  d e n s i ty  o f  th e  f l u i d ,  ^  . A c o n s id e r a t io n  
18o f  d im en sio n s  le a d s  to  th e  form
F - f U"-t‘ $ ( V )  (M-,5)
w h e r e i s  th e  r e p r e s e n ta t i v e  d im en sio n  o f  th e  o b je c t  ( th e  r a d iu s  
o f  a c y l i n d e r ) , - 0  i s  th e  k in e m a tic  v i s c o s i t y  d e f in e d  by
t )  ~ ^  (M-76)
w here ^  i s  th e  v i s c o s i t y . ^  i s  a fu n c t io n  w hich i s  g e n e r a l ly  v e ry  
n e a r ly  one and i s  c a l le d  th e  "d rag  c o e f f i c i e n t * .  The argum ent o f
o 0 4
\  , v i a .  , i s  a d im e n s io n le s s  r a t i o  c a l l e d  th e  R eyno lds num ber.
I t  h as  been found e x p e r im e n ta l ly ^  t h a t  f o r  a  sp h e re  th e  d rag  
c o e f f i c i e n t  d e c re a s e s  s lo w ly  a s  th e  R eynolds num ber, R, in c r e a s e s  
u n t i l  th e  c r i t i c a l  R eynolds number i s  re a c h e d , i . e .  u n t i l  
tu rb u le n c e  s e t s  i n .  A t th e  o n s e t  o f  tu rb u le n c e  th e  d ra g  c o e f f i c i e n t  
d ro p s  f a i r l y  r a p id ly  and th e n  a s  R in c r e a s e s  th e  c o e f f i c i e n t  b e g in s  
to  r i s e  s lo w ly . B ecause o f  th e  r i s e  in  th e  d ra g  c o e f f i c i e n t  in  th e
Lamb, o£ , c i t . , p . 682. 
B irk h o f f ,  oj>. c i t . ,  p .  12.
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re g io n  o f  R eynolds num bers beyond th e  c r i t i c a l  num ber, one would 
e x p e c t th e  lo g a r i th m ic  d ecrem en t to  r i s e  In  t h a t  r e g io n .
The R eynolds num ber can be e x p re sse d  a s
At e v e ry  te m p e ra tu re  below  2 ,l8 °K  one can  c o n s id e r  l iq u id
helium  a s  b e in g  a  d i f f e r e n t  l i q u i d ,  i . e .  h av in g  a  d i f f e r e n t  ,
so t h a t  by R eyno lds a rg u m en t o f  hydrodynam ic s i m i l a r i t y  tu rb u le n c e
sh o u ld  s e t  i n  a t  some c r i t i c a l  R eynolds num ber, R , w hich i s  th ec
same f o r  each  l i q u i d ,  i . e .  e a ch  te m p e ra tu re .  Thus by d e te rm in in g  
th e  v e l o c i t y ,  U, a t  w hich th e  lo g a r i th m ic  d ecrem en t b eg in s  to
in c r e a s e  one shou ld  be a b le  to  c a l c u l a t e  th e  v i s c o s i t y ^  . I f
20t h i s  v i s c o s i t y  com pares w ith  th e  p r e v io u s ly  d e te rm in ed  v a lu e s  
th e n  one can say  t h a t  1) below  th e  c r i t i c a l  R eynolds number flo w  
was la m in a r  2) t h a t  th e  c r i t i c a l  v e l o c i t y  f o r  th e  s u p e r f lu id  was 
n o t  ex ceed ed .
6 . F i n a l l y ,  i t  would be h ig h ly  d e s i r a b l e  to  p erfo rm  an 
e x p e r im e n t in  w hich th e  c a lc u la te d  induced  i n e r t i a  was n o t  m ere ly  
app roached  in  th e  l i m i t  o f  low te m p e ra tu re s ,  b u t in  w hich f o r  a l l  
te m p e ra tu re s  below  t h e ^  p o i n t  t h i s  induced  i n e r t i a  cou ld  be 
m easured  f o r  th e  s u p e r f lu id  com ponent a lo n e .  In  an  e f f o r t  to  
acco m p lish  t h i s  r e s u l t  an  o s c i l l a t o r  was c o n s tru c te d  o f  d a c ro n  g au ze . 
I t s  p e r io d  in  vacuum and i t s  p e r io d  in  l i q u id  helium  0  w ere 
m easu red . Then
Q  r Cp I d (M-38)
90
A. C. H o l l i s - H a l l e t t ,  P ro c . o f  th e  Cam. P h i l  S oc. 1*9, 717 ( 1 9 5 3 ) .
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and
e l* 9(1  e
(K-39)
where T0 la  th e  i n t r i n s i c  moment o f  i n e r t i a  o f  th e  r o l l  o f  dacron  
gauze, i . e .  I t s  moment o f  i n e r t i a  in  vacuun, 1^  i s  th e  moment o f 
I n e r t i a  o f  th e  c l in g in g  la y e r  o f n c m a l f l u i d ,  IR i s  th e  moment o f  
i n e r t i a  o f  th e  normal f lu id  which by reaso n  o f th e  c lo se  spacing  o f
th e  f i b e r s  i s  c a r r ie d  along  in  th e  i n t e r i o r  o f  th e  r o l l  and I-. i sEq
the  induced i n e r t i a  o f  th e  f ib e r s  o f th e  gauae moving in  th e  su p e rf lu id -  
I t  i s  here  supposed t h a t  in  th e  I n t e r i o r  o f  th e  gause a l l  th e  
e x i s t in g  normal f lu id  moved w ith  the  g au se , and t h a t  th e  s u p e r f lu id  
d id  n o t .  Now from e q u a tio n s  (M-38) and (M-39) me have
-  ^ -A  +  (M-iio)
Four f l a t  padd le  w heels were th en  a rran g ed  in  th e  gauze j u s t  
a s  th ey  had been a rranged  on th e  padd le  wheel o s c i l l a t o r .  T h is 
in c re a s e s  th e  moment o f  i n e r t i a  in  vacuum
and a ls o  i t  should  in c re a s e  th e  moment o f  I n e r t i a  in  l iq u id  helium  
by th e  induced i n e r t i a  due to  th e  padd le  o s c i l l a t i n g  in  th e  su p e r­
f l u i d ,  Ijg . There should  be no added i n e r t i a  because o f th e  
induced e f f e c t  from the  norm al f lu id  a s  i t  i s  supposed th a t  a l l  th e  
normal f lu id  i s  c a r r ie d  w ith  th e  gauze. The p e r io d  should  be g iv en  
by
(K-U2)
where a l l  term s have been d e f in e d . I  and I  should  be v e ryn E0
n e a r ly  th e  same a s  th e  gause was d is tu rb e d  a s  l i t t l e  a s  p o s s ib le .  
Row th e  a d d i t io n a l  i n e r t i a  w i l l  be
’  e - f - *  '  I x  + I ' V I e (ir (m-u
and i f  e q u a tio n  (K-hO) i s  s u b tra c te d  from eq u a tio n  ( M—1*3)
i t  i s  seen t h a t  t h a t  i s  th e  d if f e r e n c e  betw een e q u a tio n  CM—1*3)
E<*
and (M—1*1*) should  be p ro p o r t io n a l  to  ^  and have a  maximum v a lu e
when y* i s  the  t o t a l  d e n s i ty  a t  th e  lo w e s t te m p e ra tu re s .
Even a f t e r  an  in v e s t ig a t io n  o f a l l  o f  th e  above m entioned s ix  
p o s s i b i l i t i e s  th e re  may y e t  rem ain one p o in t  which w ith o u t a  word 
o f e x p la n a tio n  may d i s tu r b .  That i s  the  q u e s tio n  o f  th e  v a l i d i t y  o f 
th e  f i r s t  o f  th e  th re e  p rim ary  assum ptions to  th e  th e o ry  o f induced  
m ass, v iz .  t h a t  th e  l iq u id  be i r r o t a t i o n a l .  T h is h as  been a p o in t  of 
t h e o r e t i c a l  i n t e r e s t  in  l iq u id  helium  p h y s ic s  f o r  som etim e.
F o r tu n a te ly  a very  c le v e r  experim en t has r e c e n t ly  been d ev ised  by
21C raig  and Pellam  which d em o n stra te s  t h a t  th e  s u p e r f lu id  component 
i s  i r r o t a t i o n a l  f o r  a l l  v e l o c i t i e s  below th e  c r i t i c a l  v e lo c i ty .
and remembering e q u a tio n  (M-2)
(M-U5)
(M-U6)
^ P .  P . C raig  and J .  E. Pellam , Phys. Rev. 108, 1109 (1 9 ? 7 ).
CHAPTER I I  
APPARATUS
The e n t i r e  ex p e rim en ta l arrangem ent f a l l s  in to  th re e  main 
g roups, th e  c r y o s ta t ,  the  te m p e ra tu re -p re s  su re  m easurement d e v ic e s , 
and th e  tim e m easuring in s tru m e n ts . The th re e  s h a l l  be d isc u sse d  
g e n e ra l ly  in  t h a t  o rd e r .
The s a l i e n t  f e a tu r e s  of the  c r y o s ta t  a re  shown d ia g ra m a tic a l ly  
in  F ig . 3. T h is diagram  i s  n o t drawn to  s c a le .  The helium  under 
in v e s t ig a t io n  i s  co n ta in ed  in  th e  in n e r  Dewar f la s k ,  HF. The o u te r  
Dewar, NF, c o n ta in s  l iq u id  n i t r o g e n .  Both f la s k s  a re  double w a lled , 
ev acu ated  and s i lv e r e d  ex cep t f o r  a s l i t  down the le n g th  o f  each f l a s k .  
This p e rm its  one to  view th e  le v e l  o f  n i tro g e n  and helium , w ith o u t 
undue r a d ia t io n  being  allow ed to  h e a t the  helium . I t  was n e c e ssa ry  
to  have a  s e a l  a t  th e  upper end o f  th e  b u c k e t, K,  which would be 
capab le  o f  h o ld in g  a vacuum, on th e  in s id e  of the b u ck e t, a t  helium  
te m p e ra tu re s . I t  was found t h a t  a gold n0 n r in g  s e a l  a s  shown in  th e  
d e t a i l  i n  F ig . 3 served  t h i s  purpose w e l l .  The gold  w ire was drawn 
to  0.0U6 cm. d ia m e te r , c u t and th e  two ends b u t t  welded in  an a i r -  
gas flam e to  form a r in g  of d ia m e te r  ap p ro x im a te ly  $ cm. The r in g  
was p u t in  p la c e  and squeezed to  form the j o i n t  by 16 A llen  Head 
8-32 b o l t s .  T his copper bucket i s  r i g i d l y  connected to  th e  f la s k  




T h is  tu b e  i s  s o ld e re d  b o th  to  th e  f la s k  cap  and to  th e  c o v e r  o f 
th e  b u ck e t to  f o r a  vacuum s e a l s .  The e x te n s io n  o f  th e  in n e r  vacuvm 
system , th e  h ig h  vacuum system , c o n s is t s  o f  a  b ra s s  c o l l a r  s o ld e re d  
to  th e  cap and a g la s s  tu b e  which f i t s  in to  th e  c o l l a r .  In  th e  
in s id e  o f  th e  c o l l a r  i s  m achined two "O* r in g  g roves and th e  g la s s  to  
m e ta l s e a l  i s  made by use o f th e s e  two "0" r in g s .  There i s  a  tu b e ,
0 , s o ld e re d  in to  t h i s  c o l l a r  w hich i s  used f o r  e v a c u a tin g  th e  h igh  
vacuum sy stem . A pproxim ately  two in c h e s  above th e  f la s k  cap a 
p o r t ,  ¥ , i s  blown in to  th e  g la s s  tube  such t h a t  th e re  i s  an opening 
n e a r ly  e l i p t i c a l  in  shape m easuring  3/U in .  by 1 /2  i n .  when viewed 
a t  r i g h t  a n g le s  t o  th e  a x is  o f  th e  tu b e .  T h is  opening  has i t s  edge 
ground and a r e c ta n g u la r  o p t i c a l l y  f l a t  g la s s  p la t e  i s  p lac e d  o v e r 
th e  p o r t .  T h is  i s  h e ld  in  p la c e  by g ly p to l  enam el which makes th e  
vacuum s e a l .  At i t s  v e ry  to p  th e  tu b e  becomes a s tan d a rd  t a p e r .
The z e ro in g  assem bly  shown i s  ground to  f i t  th e  ta p e r  and com pletes 
th e  vacuum s e a l s .
The o s c i l l a t o r  and su sp en s io n  system  hangs from th e  zero  a d ju s t ­
m ent assem bly a s  i s  3hown in  F ig . 3. The s u sp e n s io n s , S , used were 
o f  v a r io u s  m a te r ia l s  and d im en sio n s  in  o rd e r  t h a t  th e  p e r io d  o f 
o s c i l l a t i o n  cou ld  be changed . M a te r ia ls  used w ere: n ic k e l ,  co p p er
and advance . The su sp en s io n  w ire  i s  a f f ix e d  to  th e  z e ro in g  assem bly  
a s  fo llo w s . A t th e  bottom  o f  th e  zero  a d ju s tm e n t assem bly  i s  a 
b lo c k  o f  b ra s s  w ith  a l /U  i n .  h o le  d r i l l e d  a t  r i g h t  a n g le s  to  th e  
a x i s  o f  th e  su sp en s io n  w ir e .  In  th e  bottom  face  o f  th e  M ock i s  a  
ho le  w hich ta p e r s  outw ard and upward tow ard the  c ro s s  h o le . A sm all
b ra s s  p lug  whose t a p e r  f i t s  t h a t  o f  th e  b lo ck  i s  p ro v id ed  w ith  a hole 
c o a x ia l  w ith  i t s  le n g th .  The su sp en sio n  w ire  i s  fed  th ro u g h  th e  
ho le  and back down th e  le n g th  o f  th e  t a p e r .  The p lu g  i s  th e n  fo rc e d  
down in to  th e  ta p e re d  h o le  In  th e  b lo ck  s e c u r in g  th e  su sp en s io n  
w ire  f i r m ly .  The o th e r  end o f  th e  su sp e n s io n  w ire  i s  f ix e d  to  a 
p ie c e  o f  th ic k  aluminum f o i l  and g lu e d . The f o i l  s e rv e s  a s  a 
back ing  on which i s  g lued  a back s u rfa c e  m ir r o r  w ith  a  n e e d le  J u s t  
above i t .  The low er s e c t io n  o f  th e  f o i l  i s  r o l l e d  in to  a c y l in d e r  
in to  which an 18 i n .  long  g la s s  rod 3 /32  i n .  in  d ia m e te r  i s  
g lu e d . The low er end o f  th e  g la s s  ro d , I ,  i s  g lued in to  a h o le  in  
th e  o s c i l l a t o r .
S e v e ra l  o s c i l l a t o r s  were used in  th e  co u rse  o f  th e  i n v e s t ig a t io n s  
which com prise t h i3  w ork. They a re  o f two ty p e s .  The f i r s t  i s  
i l l u s t r a t e d  in  F ig . 1A. Of t h i s  ty p e , th e  column o s c i l l a t o r ,  th re e  
d i f f e r e n t  in d iv id u a l  o s c i l l a t o r s  were u sed . The f i r s t  was a ho llow  
column o s c i l l a t o r .  The columns were l/U  i n .  d ia m e te r  and d r i l l e d  
o u t w ith  a number one d r i l l .  The fb u r  columns were th en  p la c e d  in  
a j i g  so c o n s tru c te d  t h a t  bo th  th e  to p  and bottom  p l a t e s  cou ld  be 
f ix e d  to  th e  columns s im u lta n e o u s ly  w h ile  th e y  were r i g i d l y  h e ld  in  
p o s i t io n .  The j i g  i s  shown in  P la te  1 . The s e a l  between th e  columns 
and th e  d is k  was made w ith  Duco cem ent. In  o r d e r  t h a t  th e re  be no 
q u e s tio n  a s  to  w h e th e r o r  n o t th e  j o i n t s  w ere su p e r le a k  p ro o f  the  
d is k  was p u n c tu red  a llo w in g  helium  to  f i l l  th e  colum ns.
The second o s c i l l a t o r  was a ls o  a fo u r  column one b u t w ith  s o l id  




The t h i r d  o s c i l l a t o r  was a l s o  s o l id  colum ned, how ever, i t  had 
o n ly  two co lunns p la c e d  e q u a l ly  d i s t a n t  from th e  c e n te r  o f  th e  d is k  
and on a d ia m e te r  o f  th e  d is k .  A nother q u i te  s im i la r  o s c i l l a t o r  was 
c o n s tru c te d  w ith  f l a t  p l a t e s  r e p la c in g  the  c y l in d e r s .  I t  w ith  i t s  
J ig  i s  shown in  P la te  1.
The second type  o f  o s c i l l a t o r  used was one c o n s tru c te d  o f  dacron 
m a te r ia l .  S t r i p s  were c u t  two in c h e s  in  w id th  and ap p ro x im a te ly  
s ix t y  in c h e s  in  le n g th .  Seven such s t r i p s  were wound on c sp in d le  
o f  l j c i t e ,  ap p ro x im a te ly  5/16 i n .  in  d ia m e te r .  T h is  s p in d le  was 
d r i l l e d  o u t to  red u ce  i t s  rrtass and a sm all h o le  d r i l l e d  in  th e  
u pper end to  a llo w  in s e r t i o n  o f  th e  g la s s  rod by w hich i t  i s  
su sp en d ed .
A f te r  t h i s  o s c i l l a t o r  was run and a l l  th e  d a ta  which was 
r e q u ire d  had been o b ta in e d  i t  was n e c e s sa ry  to  p la c e  th e  p a d d le s  in  
i t ,  o r  more a c c u r a te ly  to  r e c o n s t r u c t  i t  around th e  a lr e a d y  c o n s tru c te d  
p ad d le  w heel o s c i l l a t o r ,  F ig . 1C. T h is  was accom plished  a s  fo llo w s !
A few l a y e r s  o f  th e  r o l l  were f i r s t  removed. Then th e  rem ain ing  r o l l  
was p la ce d  in  a j i g  w hich p ro v id ed  a gu ide  f o r  m aking fo u r  c u ts  in  
th e  r o l l  w hich would co rresp o n d  to  th e  p o s i t io n  o f  th e  fo u r  p a d d le s . 
A f te r  th e  c u ts  were made th e  fo u r  q u a d ra n ts  o r  c u t  s e c t io n s  o f  
gauxe were rem oved, making su re  to  keep  each q u a d ra n t a s  n e a r ly  a s  
p o s s ib le  in  a u n i t .  The rem ain ing  sm all r o l l  th e n  had to  be u n ro lle d  
some and in s e r t e d  in  betw een th e  p a d d le s  to  th e  c e n te r  o f  th e  padd le  
w heel o s c i l l a t o r  where i t  was rewound u n t i l  i t  was snug ly  c ircu m sc rib ed  
by th e  p a d d le s .  Then each q u a d ra n t was p u t in to  i t s  p la c e  betw een
28
two p a d d le s  and th e  g au ze  o r i g i n a l l y  rem oved was wound a ro u n d  th e  
w h o le , i n  o r d e r  to  make i t  r e t a i n  i t s  c y l i n d r i c a l  s h a p e . I n  th e  
p r o c e s s  a p p ro x im a te ly  one f o o t  o f  g au z e  had to  be l e f t  o f f  th e  
o s c i l l a t o r  i n  o r d e r  t o  a r r i v e  a t  a p p ro x im a te ly  th e  same o u t s id e  
d ia m e te r .
I n s p e c t io n  o f  F ig .  3 shows t h a t  th e  f l a s k  cap  had two m ain 
f l u e s ,  M and N. F lu e  M was u sed  f o r  f i l l i n g  th e  f l a s k ,  HF, w ith  
h e liu m . I t  a l a o  s e rv e d  in  th e  m onom eter m e a su r in g  c i r c u i t .  To 
f l u e ,  N, was a t t a c h e d  a l a r g e  t h i c k  w a l le d  ru b b e r  h o se  w hich  form ed 
p a r t  o f  th e  vacuum l i n e  o f  a  h ig h  c a p a c i ty  vacuum pump. T h is  pump 
was u sed  to  draw  o f f  th e  h e liu m  v a p o r  and re d u c e  th e  te m p e r a tu r e .
The l a r g e  r u b b e r  hose  p a s se d  th ro u g h  th e  jaw s o f  a  rem ote  c o n t r o l l e d  
v i s e  w hich  c o u ld  c lo s e  th e  h o se  and make th e  c o n s t r i c t i o n  a s  s m a ll  
a s  d e s i r e d .  T h is  a f f o r d e d  a  c o n t r o l  o f  th e  pum ping r a t e ,  and th u s  
r e g u la t e d  th e  te m p e r a tu re  o f  th e  h e liu m  b a th .  A hose from  th e  
m onom eter was f ix e d  t o  f l u e ,  M. The m onom eter was u sed  to  m easu re  
th e  v a p o r  p r e s s u r e  o f  th e  h e liu m  and w i th  r e f e r e n c e  to  th e  “H elium  
V apor P r e s s u re  S c a le "  by H. Van D ijk  and  M. D u rie u x , t e m p e r a tu re s  
c o u ld  be c a l c u l a t e d .  The m onom eters u sed  w ere  o f  tw o ty p e s .  F o r  
h ig h e r  p r e s s u r e s  (ab o v e  th e  p o in t  o f  h e liu m )  a p r e c i s i o n  m e rc u ry  
m onoaie ter was u s e d . F o r  th e  lo w e r  p r e s s u r e s  an  o i l  m onom eter w i th  
o c t o i l  "S " a s  th e  w o rk in g  s u b s ta n c e  was u s e d .
I n  o r d e r  to  make a c c u r a t e  m easu rem en ts  o f  th e  p e r io d s  o f  th e  
v a r io u s  o s c i l l a t o r s  i n  vacuum a f a i r l y  h ig h  vacuum m u st be o b ta in e d ,  
f o r  ev en  a t  p r e s s u r e s  in  th e  r e g io n  o f  t e n  m ic ro n s  t h e r e  i s  s t i l l
29
some s l i g h t  dependence o f  p e r io d  upon p r e s s u r e .  T h e re fo re ,  th e  
vacuum was o b ta in e d  by u se  o f  an o i l  d i f f u s i o n  pump o f  f a i r l y  l a r g e  
o a p a c l ty .  In  a d d i t i o n  a  c o ld  t r a p  was p la c e d  betw een  th e  system  to  
be e v a c u a te d  and th e  d i f f u s i o n  pump. F o r  t h i s  p ro c e s s  th e  tu b e ,  0 , 
was used  a s  th e  pum ping o u t l e t .  The p r e s s u r e  was m easured  by use  o f  
an  i o n i s a t i o n  gage ty p e  507.
B ecause o f  th e  n a tu r e  o f  th e  c a l c u l a t i o n s  in v o lv e d  in  t h i s  
e x p e r im e n t, th e  m easurem ent o f  th e  p e r io d s  o f  o s c i l l a t i o n  m ust be 
v e ry  p r e c i s e .  Thes r e q u i r e s  a t im e r  w hich  w i l l  m easure i n t e r v a l s  
o f  tim e  o f  from  f o r t y  to  two seco n d s  to  w i th in  0 .0 0 1  seco n d . Such 
a t im e r  was c o n s t r u c te d .
A s l i t  system  was a t ta c h e d  to  a  g a lv a n o m e te r  l i g h t  s o u rc e .  The 
beam was r e f l e c t e d  from th e  m i r r o r ,  H, and th ro u g h  a  d o u b le  s l i t  
sy stem  i n t o  a p h o to m u l t i p l i e r  tu b e .  The d o u b le  s l i t  sy stem  c o n s is te d  
o f  two p a i r  o f  r a z o r  b la d e  ed g e s  w hich  w ere s e t  to  a p p ro x im a te ly  
0 .5  mm. i n  s l i t  w id th .  A n o th e r  l i g h t  so u rc e  c a s t  a  beam o n to  th e  
m i r r o r  w hich  was r e f l e c t e d  o n to  a  c i r c u l a r  s c a le  1 /2  m e te r  from  th e  
m i r r o r .  The s p o t  from  t h i s  so u rc e  was used  to  m easu re  th e  a m p litu d e  
o f  th e  s u c c e s s iv e  o s c i l l a t i o n  v i s u a l l y .
As th e  l i g h t  beam p a s se d  o v e r  th e  do u b le  s l i t ,  w hich was 
o r ie n te d  such  t h a t  a  maximum am ount o f  l i g h t  f e l l  upon th e  p h o to ­
m u l t i p l i e r  when th e  o s c i l l a t o r  was in  e q u i l ib r iu m ,  a n e g a t iv e  v o l ta g e  
p u ls e  was p roduced  by th e  p h o to m u l t i p l i e r  whose le n g th  depended 
upon th e  v e l o c i t y  o f  th e  beam, and whose a m p litu d e  depended upon 
th e  i n t e n s i t y  o f  th e  beam and th e  v o l ta g e  on th e  p l a t e s  o f  th e  
p h o to m u l t i p l i e r .  The a m p litu d e  o f  th e  p u ls e  was a lm o s t c o m p le te ly
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In d ep en d en t o f  th e  v e lo c i ty  o f  th e  beam. S in ce  t h i s  was th e  c a se  the  
le a d in g  edge o f  th e  p u lse  could  be used t o  f i r e  a neon glow tu b e  when­
e v e r  i t  reached  a  s e le c te d  M agnitude. In  p r a c t i c e  i t  was d e s i r a b le  
t h a t  th e  neon tu b e  f i r e  when th e  s lo w ly  v a r in g  n e g a tiv e  p u lse  
reach ed  i t s  aaxlmuM o r  a s  c lo s e  to  Maximum a s  p o s s ib le .  The s h o r t  
d u ra t io n  p u lse  from th e  neon tu b e  i s  th e n  shaped so t h a t  i t  w i l l  f i r e  
a c o u n te r .  The p u rpose  o f  th e  c o u n te r  i s  to  c o l l e c t  p u ls e s  fram  th e  
neon tu b e  and a c t iv a t e  a g a te  c i r c u i t  a t  th e  s t a r t  o f  a swing and 
th e n  e i t h e r  one, th re e  o r  seven p e r io d s  l a t e r  to  c lo s e  th e  g a te .
T h is  c o u n te r  was sim ply  a T-61 model 222 c o u n te r  w hich had been 
s l i g h t l y  rew orked . I t  was w ired  In  such  a way t h a t  i t  re c e iv e d  an 
i n i t i a l  p u ls e  and d isp la y e d  i t  on th e  "1 co u n t"  lam p. The second 
p u ls e  a c t iv a te d  n o t  o n ly  th e  "2" b u t a l s o  th e  "16" lam p. The "16" 
lamp rem ained on, t h a t  i s  i t s  m u l t iv ib r a to r  was n o t  a c t iv a te d  a g a in ,  
u n t i l  e i t h e r  two, s ix  o r  f o u r te e n  more p u ls e s  were counted a t  w hich 
tim e th e  "16" m u l t iv ib r a to r  f l ip p e d .  The v o lta g e  ta k e n  a t  th e  "16" 
M u lt iv ib r a to r  was a sq u are  wave th e  p e r io d  o f  which was e i t h e r  one, 
th r e e  o r  seven p e r io d s  o f  th e  o s c i l l a t o r .  T h is  sq u are  wave Wi.s used 
to  remove th e  b ia s  from th e  on ly  tu b e  In  th e  g a te  c i r c u i t .  A 
s ta n d a rd  1000 c y c le  s ig n a l  from a  H ew le tt-P ack ard  Low F requency 
S tan d ard  O s c i l l a t o r  i s  p u t  on th e  g r id  o f  t h i s  tu b e .  The p l a t e  i s  
connected  to  an Atomic In s tru m e n t Co. Clow T r a n s fe r  C oun ter,
Model 162A. Here th e  tim e can be rea d  o f f  f o r  one, th re e  o r  seven 
p e r io d s  o f  th e  o s c i l l a t o r .
CHAPTER ITT 
PROCEDURE
As has been d is c u s s e d  p re v io u s ly  th e r e  were s e v e ra l  d i f f e r e n t  
ty p e s  o f  ex p erim en ts  in v o lv ed  in  t h i s  w ork, b u t th e  p ro ced u re  f o r  
each was v e ry  n e a r ly  th e  same. In  some o f  th e  f i r s t  ex p e rim en ts  th e  
p e r io d  in  vacuum a t  roam te m p e ra tu re  was used and a p ro p e r  con­
t r a c t i o n  c o e f f i c i e n t  a p p lie d  so t h a t  th e  p e r io d  in  vacuum o f  th e  
o s c i l l a t o r  a s  i t  would be a t  helium  te m p e ra tu re s  was c a lc u la t e d .
In  th e  l a t e r  e x p e r im e n ts , however, t h i s  was n o t  th e  case  and f u l l  
use was made o f  th e  copper b u ck e t so t h a t  th e  helium  tem p e ra tu re  
vacuum m easurem ents could  be made. The p ro ced u re  a s  d e s c r ib e d  h ere  
w i l l  in c lu d e  t h i s  phase and i t  i s  to  be u n d ersto o d  t h a t  th e  e a r l i e r  
ex p e rim en ts  a re  th e  same w ith  m ere ly  th e s e  s te p s  in  th e  p ro ced u re  
o m it te d .
In  p r e p a ra t io n  f o r  an e x p e r im e n ta l "run" th e  d e s ir e d  su sp en s io n  
and o s c i l l a t o r  were a rra n g e d  in  th e  c r y o s ta t  a s  F ig  3 i n d i c a t e s .  A 
g r e a t  d e a l  o f  c a re  was ta k e n  to  see to  i t  t h a t  th e  o s c i l l a t o r  was 
p ro p e r ly  a l ig n e d  w ith  th e  su p p o rtin g  g la s s  ro d . T h is  a lig n m e n t wae 
accom plished  a s  fo llo w s i The rod was a llow ed  to  hang f r e e  on th e  
su sp e n s io n , a s s u r in g  t h a t  i t  was v e r t i c a l .  A p la tfo rm  w ith  th re e  
le v e l in g  screw s was p la c e d  b en ea th  th e  rod and on i t  th e  o s c i l l a t o r  
was p la c e d . The ho le  in  th e  to p  o f  th e  o s c i l l a t o r  was p la c e d
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im m ed ia te ly  below  th e  end o f  th e  g la s s  ro d . Then th e  p la tfo rm  was 
le v e le d  and s lo w ly  r a is e d  u n t i l  th e  rod was ap p ro x im a te ly  l/U  i n .  
i n to  th e  h o le  in  th e  o s c i l l a t o r ,  th e  p la tfo rm  s t i l l  rem ain ing  l e v e l .  
The rod  was th en  g lued  to  th e  l u d t e  o s c i l l a t o r  w ith  Duco cem ent 
d is s o lv e d  in  a b o u t i t s  own volume o f a c e to n e . A f te r  d ry in g  th e  
o s c i l l a t o r  was assumed to  be a l ig n e d .
Then th e  co p p er b u ck e t was p u t  in  p la c e  w ith  th e  go ld  *0" 
r in g  form ing th e  vacuim s e a l .  A t t h i s  p o in t  th e  in s id e  o r  hard 
vacuum system  was pumped o u t w ith  th e  forepump and , i f  th e re
appeared  to  be no le a k ,  a ls o  w ith  th e  o i l  d i f f u s io n  pump. U su a lly
th e  vacuum a t  th e  end o f  t h i s  p ro c e ss  was ap p ro x im a te ly  0 .?  m icro n . 
T h is  was m easured by use o f  th e  io n iz a t io n  gauge.
G e n e ra lly  a m easurem ent o f  p e r io d  in  vacmsn was made a t  room 
te m p e ra tu re .  To make t h i s  m easurem ent th e  o p t ic s  o f  th e  system  had 
to  be a l ig n e d .  To do t h i s  th e  o s c i l l a t o r  was caused to  come to  r e s t  
by damping w h atev er o s c i l l a t i o n  i t  had a c q u ire d , i f  any , w ith  a p a i r  
o f  H e lm h o lti c o i l s  in  whose f i e l d  was th e  n e e d le  above th e  m ir r o r ,  H,
shown in  F ig .  When th e  o s c i l l a t o r  came to  r e s t  th e  beam from th e
l i g h t  so u rce  was a d ju s te d  and th e  p h o to m u l t ip l ie r  p o s it io n e d  such 
t h a t  th e  l i n e  o f  l i g h t  from th e  so u rce  f e l l  i n t o  th e  s l i t  system  o f  
th e  p h o to m u l t ip l ie r  and produced a maximum n e g a tiv e  v o l ta g e .  A lso th e  
s c a le  was so  a d ju s te d  t h a t  a t  th e  same tim e th e  sp o t o f  l i g h t  from th e  
l i g h t  so u rce  used in  c o n ju n c tio n  w ith  i t  was zero ed , i . e .  c e n te re d  in  
th e  s c a le .  A f te r  th e  ze ro  a d ju s tm e n t was accom plished  th e  o s c i l l a t o r  
was s e t  i n t o  t o r s io n a l  o s c i l l a t i o n  w ith  th e  same p a i r  o f  H elm holtz
c o i l s .  Then i t  was n e c e s s a ry  to  s e t  th e  v o lta g e  l e v e l  a t  which th e  
neon tu b e  was to  f i r e  such  t h a t  th e  f i r i n g  would o c c u r  a s  c lo s e  as  
p o s s ib le  to  th e  peak o f  th e  p u ls e  from th e  p h o to m u l t ip l ie r .  T h is  
b e in g  done th e  b ia s  was s e t  in  th e  g a te  c i r c u i t  so a s  to  a llo w  th e  
1 K. C. s ta n d a rd  to  be counted when th e  ,,l 6 ,, m u l t iv ib r a to r  was "on” . 
A ll t h a t  needed to  be done th e n  was to  s t a r t  th e  T6l c o u n te r  and 
a llo w  th e  p e r io d  to  be tim ed . The p e r io d  was tim ed f o r  s e v e ra l  
s e p a ra te  sw ings and i f  no am p litu d e  dependence was observed  t h i s  
p e r io d  was ta k e n  a s  th e  a v e ra g e . In  vacuum such a dependence was 
n o t o b se rv ed .
A f te r  th e  room tem p e ra tu re  vacuum m easurem ent was com pleted 
( o r  even b e fo re  f o r  t h a t  m a tte r )  th e  helium  and n i t ro g e n  f la s k s  were 
p u t on th e  system  a s  shown in  F ig .  3 . A t t h a t  p o in t  th e  c r y o s ta t  
was read y  f o r  p r e c o o l in g .  The helium  fla sk -m o n o m ete r system  was 
pumped o u t  and f lu s h e d  w ith  g aseous helium  th e n  p re c o o le d  by 
f i l l i n g  th e  n i t ro g e n  f la s k  w ith  l iq u id  a i r .  A f te r  th e  p re c o o lin g  
was com pleted  th e  l i q u id  helium  was t r a n s f e r r e d  in to  th e  helium  
f la s k  th ro u g h  f lu e ,  M. The l iq u id  helium  would n o t beg in  to  c o l l e c t  
in  th e  f l a s k  u n t i l  th e  co p p er b u ck e t and i t s  c o n te n ts ,  th e  o s c i l l a t o r ,  
were down to  helium  te m p e ra tu re . To acco m p lish  th e  c o o lin g  o f th e  
o s c i l l a t o r  one a tm osphere  o f  g aseo u s  helium  was ad m itted  in to  th e  
h ig h  vacuum system , i . e .  th e  b u c k e t, a t  th e  p re c o o lin g  s ta g e  and 
th en  th e  system  was i s o l a t e d .  When a  f u l l  charge  o f  l iq u id  helium  
was o b ta in e d  in  th e  f l a s k  th e  in n e r  system  was pumped o u t f i r s t  w ith  
a forepum p th en  w ith  th e  o i l  d i f f u s io n  pump. The p r e s s u re  a t  t h i s  
s ta g e  g e n e ra l ly  was in  th e  neighborhood o f  0 .5  m icron .
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W ith th e  in n e r  vacuum system  a t  0 .5  m icron  and helium  in  th e  
f l a s k  then  th e  p ro ced u re  f o r  m easuring  p e r io d  was re p e a te d  as  above 
and th e  helium  te m p e ra tu re  vacuus p e r io d  was m easured .
In  some o f  th e  e a r l i e r  ex p erim en ts  th e  copper b u ck e t was f i l l e d  
w ith  l iq u id  helium  f o r  th e  run  i t s e l f  by condensing  gaseous helium  
in to  th e  system . T h is  proved to  be very  slow and q u i te  i n e f f i c i e n t .  
L a te r  a one m il th ic k  b ra s s  p u n c tu re  d is k  was s o ld e re d  to  th e  bottom  
o f  th e  can w ith  an a s b e s to s  f i l t e r  a rran g ed  so t h a t  when th e  d is k  was 
p u n c tu red  and helium  flow ed in to  th e  ev acu a ted  space i t  would do so 
r a t h e r  s low ly  so a s  n o t to  j a r  th e  o s c i l l a t o r  and b reak  th e  su sp e n s io n .
Once th e  co p p er b u ck e t was f i l l e d  a m easurem ent o f  p e r io d  was 
made a t  e v e ry  d e s ir e d  te m p e ra tu re  a s  d e s c r ib e d  above. The 
m easurem ents were alw ays ta k e n  in  o rd e r  o f  d e c re a s in g  tem p e ra tu re
pump and c r y o s ta t  sy stem . O ften  i t  was n e c e s s a ry  to  ta k e  m easu re­
m ents o f  th e  s u c c e s s iv e  a m p litu d e s  v i s u a l ly  on th e  1 /2  m e te r  curved 
s c a le  s im u lta n e o u s ly  w ith  th e  p e r io d  m easurem ents.
p o in t  down to  th e  lo w e s t te m p e ra tu re  p o s s ib le  f o r  th e
CHAPTER IV
DISCUSSION OF CALCULATION SCHEMES AND RESULTS
C hap ter I ,  Methods o f  I n v e s t ig a t io n ,  o u t l in e s  s ix  ty p e s  o f  
ex p e rim e n ta l I n v e s t ig a t io n s  which have been conducted d u r in g  th e  
co u rse  o f  t h i s  work. The r e s u l t s  o f each  w i l l  be g iv en  in  th e  
same o rd e r  a s  a p p e a rs  in  t h a t  c h a p te r  and a d is c u s s io n  o f  th e  
c a lc u la t io n  scheme w i l l  accompany th e  r e s u l t s .  A lso a  com parison 
may be made to  th e  th e o ry  w henever p o s s ib le .
P a r t  1 . The Dependence o f th e  A d d itio n a l Moment o f I n e r t i a ,  
1^, upon P e r io d .
f o r  t h i s  s e r i e s  o f  e x p e rim en ts  a f o u r  column o s c i l l a t o r  u s in g  
r i g h t  c i r c u l a r  c y l in d e r s  was u se d . When such i s  th e  case  e q u a tio n  
(M-32) g iv e s  th e  t o t a l  i n e r t i a  expected
I  = l o  + T S + X *  + • I £  + T e  ( r- i )
Of th e se  te rm s some a re  c a lc u la b le  o r  m ea su rab le . I  cano
be m easured p ro v id ed  th e  su sp en s io n  c o n s ta n t  i s  known o r  some known 
moment o f  i n e r t i a  i s  added to  th e  o s c i l l a t o r  in  vacuum. Then from 
(M-27) one can c a lc u la te  1^. 1 ^  w hich i s  due to  th e  c l in g in g
la y e r  on th e  d is k s  can be c a lc u la te d  a s  fo llo w s :  L e t th e  d is k  have
a r a d iu s  x and a th ic k n e s s  d . A lso l e t  th e  c e n te r  o f  th e  p o s t  o f  
r a d iu s ,  a ,  be s i tu a te d  a  d is ta n c e ,  r ,  from the  c e n te r  o f  th e  d is k .  
Then i f  th e r e  i s  a l a y e r  o f  th ic k n e s s  X / 2  c l in g in g  to  a l l  s u r fa c e s
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o f th e  d isk  then  n e g le c t in g  c o m e r  c o r re c t io n s  and supposing th a t  
th e  c o m e r  I s  square
(R -2)
f o r  each d is k .  However, th e  p o s ts  occupy some o f th e  s u rfa c e  o f 
th e  d isk  and p re v e n t some f lu id  from being  c a r r ie d .  The moment o f 
i n e r t i a  o f  th e  "h o le s"  th e n , th a t  i s  th e  amount by which eq u a tio n  
(R -2) i s  in  e x c e ss , i s  J u s t
C M )
S im p lify in g  (R -3 ), s u b tr a c t in g  i t  from (R-2? and m u ltip ly in g  
th e  r e s u l t  by two because th e re  a re  two such d is k s  g iven ,
X , I *■(*»* \-vl *
where term s i n a n d  h ig h e r  powers a re  n e g le c te d . F or the
o s c i l l a t o r s  used
x *  1.89U cm. r *  1.577 cm.
a .  0 .717  cm. d :  0 .0?5  cm.
so th a t  th e  w orking e q u a tio n  becomes
*■ ^  }  C M )
now in  o rd e r  to  c a lc u la te  th e  expected  v a lu e  f o r  1 ^  one must 
sim ply  c a lc u la te  the  v a lu e  o f ^  from e q u a tio n  (M-28) and 
s u b s t i tu t e  i t  in to  (R -5 ).
The l a s t  term  in  eq u a tio n  ( R - l ) ,  v i* .  1 ^  can be c a lc u la te d  




X c f *  -  T c
E  f  ■ -*• e j  (R -7 )
The t e m a  Tg and 1^, c a n n o t be I n d iv i d u a l l y  d i r e c t l y  c a lc u la te d ,
22 nHowever, S to k e s  i n  a  p a p e r  p u b lis h e d  l a t e r  t h a t  h i s  work on 
n o n v iso o u s  f l u i d s  h as  so lv e d  th e  N a v ie r -S to k e s  e q u a t io n  f o r  a  
c y l in d e r  i n  r e c t i l i n e a r  o s c i l l a t i o n  i n  a v is c o u s  f l u i d  in  te rm s  o f  
a  s e r i e s .  He f in d s  t h a t  th e  c o e f f i c i e n t  o f  in d u ced  m ass, K, f o r  a 
c y l i n d e r  i s  g iv e n  by one o f  two pow er s e r i e s  i n  a v a r i a b l e  M 
d e f in e d  by _______
H - \  ow»
w here ^  i s  th e  h a l f  p e r io d ,  i . e .  th e  tim e  f ro n  r e s t  to  r e s t .
I f  M i s  g r e a t e r  th a n  1 .5  (w h ich  i s  th e  c a s e  h e re )  th e n  K i s  g iv e n  
by a  pow er s e r i e s  th e  f i r s t  t h r e e  te rm s  o f  w hich  a r e t
+  '  { R - 9 )
and th e  fo llo w in g  te rm s  a re  n e g l i g i b l e .
T h is  v a r i a b l e  M shows a  s t r i k i n g  s i m i l a r i t y  to  A ,  th e  
th ic k n e s s  o f  th e  c l i n g i n g  l a y e r  on th e  d i s k s ,  and b ec au se  ^  
n e e d s  be c a l c u l a t e d  in  o r d e r  to  f in d  1 ^  , i t  w i l l  be an  a d v a n ta g e  
t o ,  a t  l e a s t  m a th e m a t ic a l ly ,  e l im in a te  N a id  f in d  K in  te rm s  o f  
^  . Com bining e q u a t io n s  (R -8) and (M -28) one has
90
“ G. G. S to k e s ,  0 £ . c i t .
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CL
3 T X  (R-1Q)
So t h a t  ( R-9) becon*a
K r I 4 T f (R-1X)
Now th e  moment o f  i n e r t i a  due to  th e  norm al f l u i d ,  I  , b o thn
b ecau se  o f  a  c l in g in g  l a y e r  and becau se  o f  th e  added n a s s  e f f e c t  i s
1 * -  K  (R -12)
t h e r e f o r e ,  th e  t o t a l  a d d i t i o n a l  i n e r t i a ,  I * ,  i s
I* - H It * ^ kip * (R -13)
p f
and from ( R - l l )
(R -lU )I r- ftX E + P* J-p + Xp +
* f  ^ ~ ^  O '
o r  s im p l i f y in g  and rem em bering (M -29) and (R -5 )
w here I g i s  c a lc u la te d  from  (M-2 and th e  d e n s i ty  i s  ta k e n  a s  th e  
t o t a l  d e n s i ty  a t  0°K w hich  f o r  s im p l i c i t y  was asaisned to  be
O.lUli gm/cm^ j u s t  a s  i t  i s  a t  th e  p o in t .  Thus th e  w ork ing  
e q u a tio n  b eo o n es .
/ \ \  /  f  C . i t r o f r  X  -v C r- i6 )
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The e x p e r im e n ta l ly  d e te rm in e d  v a lu e s  o f  were c a lc u la te d  
by ta k in g  th e  p e r io d  0  a t  any  te m p e ra tu re ,  T, and u s in g  a  m o d ifie d
v e r s io n  o f  e q u a tio n  (M-3U). I t  I s  t r u e  t h a t  i f  th e  p e r io d  o f  th e
o a c i l l a t o r  in  vacuum 6 ^  w ere ta k e n  a t  l i q u i d  helium  te m p e ra tu re s
t h a t  (H-3U) would be c o r r e c t  b u t  such was n o t  th e  c a s e .  T h e re fo re ,
a  c o r r e c t io n  n eed s  be made f o r  c o n t r a c t io n .  A lso  th e  o s c i l l a t o r
w hich was used  f o r  m ost o f  th e  d a ta  was one w hich had ho llow
colum ns and th e  d i s k s  w ere p u n c tu re d  so  t h a t  helium  f i l l e d  th e
co lum ns. T h is  amount o f  moment o f  i n e r t i a ,  1^, m ust a l s o  be
r t t  /a*"
s u b tr a c te d  from th e  f u n c t io n  — be f or e  th e  d a ta  i s  p l o t t e d .
Iff can  be c a lc u la te d  from th e  d im en sio n s  o f  th e  h o le  in  th e  
colum n and th e  t o t a l  d e n s i ty  o f  th e  l i q u id  h e liu m . But h ere  a g a in  
c o n t r a c t io n  i s  im p o r ta n t .  I t  can be seen  t h a t  i f  th e  l i n e a r  
c o n t r a c t io n  o f  l u c i t e  i s
L*- L . (  U « ( A T ) C R—17)
w here t i  i s  found to  b e ^  -0 .0 1 0 7  th e n
o r  ex p an d in g  * , - i \
L . (  I *  * *  A T  + *  '
?3V. F . G iauque , T. H. G e b a lle , D. N. Lyon and J .  J .  F r i t z ,  
R. S . I . ,  23, 169 C19 9 2 ).
from which i t  i s  found
L> I.* (.17?7) 
L*’= d  ( . ‘I i 7 c )
and th e  c o r r e c t io n s  f o r  Ig  and 1^ a re  o f  th e  f i f t h  powsr w h ile  th e
2
c o r r e c t io n  f o r  I  and th u s  f o r 0 o i s  o f  th e  second power so  t h a t
I .  - ( % y ' ) l a
sh o u ld  r e a l l y  be w r i t t e n
(R-22)
where ^  and I q a re  th e  room te m p e ra tu re  v a lu e s .
T h is e q u a tio n  h o ld s  i f  th e  p o s ts  a re  s o l id  b u t i f  th ey  a re
ho llow , c a r ry  helium  and add an i n e r t i a  0 .9U 76I^ th e n  e q u a tio n
(R -22) becomes
X (R-22B)
where TT O.J’ f  T  *"
and a ^ r  0 .2895  cm .i h ^ c  5.133 cm. a r e  the  m easurem ents o f  th e
I n s id e  o f  th e  p o s ts .  The l a s t  term  in  e q u a tio n  (R-22B) has been 
d e term ined  to  be 1 .820  so t h a t  th e  w orking e q u a tio n  becomes
I U O  tw »
E xperim en ts were made a t  th r e e  r a d i c a l l y  d i f f e r e n t  p e r io d s .  
These a re  ro u g h ly  tw en ty -tw o , e le v e n  and s ix  seco n d s. The r e s u l t s  
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The T ig s . 5 , 6 and 7 show each  in d iv id u a l  ex perim en t and compare 
th e  r e s u l t s  to  th e  th e o ry  o u t l in e d  above and ex p ressed  f i n a l l y  in  
e q u a tio n  ( R—15)- As can e a s i ly  be seen th e  r e s u l t s  were q u i te  
s a t i s f a c t o r y .  The d isc re p a n c y  between th e  th e o ry  and experim en t
may w e ll be due to  an e r r o r  in  th e  m easured v a lu e  o f  I  . Theo
r e s u l t s  a re  ta b u la te d  in  th e  Appendix.
P a r t  2. C o rre c tio n  f o r  a F in i te  Boundary 
The f a c t  t h a t  th e  f lu id  i s  bounded r a th e r  than  i n f i n i t e  
r e q u ire s  t h a t  some c o r r e c t io n  be made. Deck has c a lc u la te d  th e  
c o r re c t io n  fo r  a column ra d iu s  a perfo rm ing  to r s io n  o s c i l l a t i o n  
a b o u t an a x is  a d is ta n c e  r  from i t s  own and bounded by a 
c y l in d r i c a l  boundary of r a d iu s  b . His r e s u l t  i s  in  th e  form of 
an i n f i n i t e  s e r i e s  th e  on ly  im p o rtan t term s o f  which combine to  
g iv e  a c o r r e c t io n  which s t a t e s  t h a t  th e  e x is ta n c e  o f  such a 
boundary in c r e a s e s  th e  induced i n e r t i a  by a f a c to r ,  f ,
An ex perim en t was perform ed in  which p e r io d s  could  be m easured 
w ith  th e  f la s k  a s  th e  boundary o r  w ith  a s m a lle r  g la s3  c y l in d e r  a s  
a boundary, th u s  changing  b in  th e  above e q u a tio n . The r e s u l t s  o f 
t h a t  ex p erim en t, w ith  and w ith o u t th e  sm a lle r  boundary a re  shown in  
F ig . 8 . The two dashed l in e s  in  th e  f ig u re  r e p re s e n t  th e  v a lu e  o f 
Ig  a t  0°K, c a lc u la te d  and c o r re c te d  by Deck*s c o r r e c t io n .  I t  should  
be noted  t h a t  a l l  th e  r e s u l t s  d isp la y e d  in  P a r t  1 were p ro p e r ly  
c o r re c te d  f o r  th e  boundary.
a ^
(R-2h)
• E X P E R IM E N T  
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P a r t  3. I n f lu e n c e  o f  th e  Columns Upon One A n o th er
In  an  e f f o r t  to  show t h a t  th e  e f f e c t  o f  th e  colum ns upon one 
a n o th e r  I s  n e g l i g i b l e , a n  e x p e rim e n t was p erfo rm ed  in  w hich  th e  
o s c i l l a t o r  used  had o n ly  two c o lu sn s  r a t h e r  th a n  f o u r .  The r e s u l t s  
o f  t h a t  e x p e r im e n t a r e  shown In  F ig .  9 . The c a lc u la te d  l im i t in g  
v a lu e  f o r  Ig  f o r  th e  two column o s c i l l a t o r  was 1 .1 2 2 , w h ile  t h a t  
c a lc u la te d  f o r  th e  f o u r  colum n o s c i l l a t o r  was 2.27U . The re a so n  
t h a t  th e s e  two v a lu e s  do n o t  s ta n d  in  th e  r a t i o  o f  one to  two i s  
t h a t  th e  h e ig h ts  w ere s l i g h t l y  d i f f e r e n t .  However, i t  can be seen  
t h a t  th e  r e s u l t s  do a p p ro a c h  th e  c a lc u la te d  v a lu e  a s  a  l i m i t ,  f o r  
a s  w i l l  be n o t ic e d  th e  s c a le  i s  g r e a t l y  expanded .
P a r t  U. The Case o f  th e  F l a t  P la te
I f  th e  p o s ts  o f  th e  o s c i l l a t o r s  p r e v io u s ly  m entioned  a r e  
r e p la c e d  by f l a t  p l a t e s  whose h a l f  w id th  e q u a ls  th e  r a d iu s  o f  th e  
p o s t s  i t  has been p re v io u s ly  rem arked t h a t  th e  induced  i n e r t i a  
sh o u ld  be j u s t  th e  same a s  f o r  th e  p o s t s .  Such an o s c i l l a t o r  was 
c o n s t r u c te d ,  i t s  p e r io d  m easured a t  v a r io u s  te m p e ra tu re s  and th e  
t o t a l  added i n e r t i a  1^ was c a lc u la te d  f o r  i t .  The r e s u l t s  a re  
shown in  F ig .  10. I t  can be seen  t h a t  in d eed  th e  added I n e r t i a  
ap p ro ach ed  th e  c a lc u la t e d  v a lu e  o f  th e  induced  m ass w ith in  th e  
e r r o r  in  th e  c a l c u l a t i o n  o f  I q . T h is  i s  th e  c a se  o n ly  a t  low 
te m p e ra tu re s ,  how ever, a s  should  be e x p e c te d , b ecau se  s u r e ly  th e  
hydrodynam ics o f  a  p l a t e  i n  a  v is c o u s  f l u i d  a r e  d i f f e r e n t  from  a 
c y l in d e r .
• EXPERIM ENT 
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P a r t  5. L o g a rith m ic  Decrem ents and th e  O nset o f T urbu lence 
The lo g a r ith m ic  decrem ent $  i s  a  fu n c tio n  d e f in e d  by e q u a tio n
(M-22) and, which a s  a p o in t  f u n c t io n ,  can be w r i t t e n
*  • - j i v
am p litu d e  o f  th e  N*th 
( R - 2 5 )
v h e re  i s  th e  o f  th e  N*th o s c i l l a t i o n .  S in ce  t h a t  i s
th e  case  one can f in d  th e  lo g a r ith m ic  decrem ent by m easuring  th e
m agnitude o f  su c c e ss iv e  a m p litu d e s , ta k in g  th e  lo g a r ith m  o f  th e  
a m p litu d e s  and p l o t t i n g  th e  lo g a r ith m  ^  a g a in s t  th e  ru n n in g  index  
number o f  th e  o s c i l l a t i o n ,  N. The s lo p e  w i l l  be ^  . Of co u rse  i f  
base te n  lo g a r ith m s  a re  used th en  one m ust m u lt ip ly  th e  s lo p e  by
2.303 in  o rd e r  to  g e t  % .
Such p l o t s  were made f o r  th e  ex p e rim e n ts  r e p o r te d  above and 
f o r  th e  fo u r  column o s c i l l a t o r  o f  p e r io d  tw en ty -tw o , e le v e n  and 
s ix  seconds n o th in g  s t a r t l i n g  o c c u r re d . As F ig s .  11 th ro u g h  16 
in d ic a te  th e  decrem ent was r e g u la r ly  lo g a r i th m ic .  Upon re d u c in g  
th e  p e r io d  f u r t h e r ,  how ever, one n o t ic e s  t h a t  th e  decrem ent does n o t 
rem ain e n t i r e l y  lo g a r ith m ic  b u t in  f a c t  an in c r e a s e  in  decrem ent 
o c c u rs  w ith  in c re a s in g  a m p litu d e . An e x p e rim e n ta l run in  which th e  
p e r io d  was ap p ro x im a te ly  fo u r  seconds produced d a ta  shown in  F ig s .
17 th ro u g h  26. I t  i s  q u i te  o b v io u s  t h a t  in  each  o f  th e s e  f ig u r e s  
th e r e  I s  a b reak  in  th e  lo g a r ith m ic  d ec rem en t. I f  t h i s  b reak  o c c u rs  
a t  th e  v e lo c i ty  which would co rresp o n d  to  th e  c r i t i c a l  Reynolds 
nwnber f o r  tu rb u le n c e  th en  t h a t  Reynolds number, R„, sh o u ld  be th e  
same f o r  each te m p e ra tu re . R ea rran g in g  e q u a tio n  (M-37)
51
w here ^  m u st be u sed  i f  th e  tu r b u le n c e  i s  i n  th e  e n t i r e  f l u i d .
Now i f  th e  a m p litu d e  <j  ̂ i s  found  from  e a c h  o f  F ig s .  17 th ro u g h  26 
f o r  w h ich  th e  d e c re m e n t b e g in s  to  b re a k  away from  b e in g  l o g a r i t h m ic ,
I . e .  w here th e  p o i n t s  b e g in  to  b re a k  away from  th e  s t r a i g h t  l i n e ,  
th e n  t h i s  a m p litu d e  c o r re s p o n d s  t o  th e  maximum v e l o c i t y  U o f  th e  
o s c i l l a t o r  f o r  w hich  tu r b u le n c e  b e g in s .  S in c e  (j^ i s  an  a m p li tu d e  
in  r a d ia n s  th e  v e l o c i t y  U i s  s im p ly  p r o p o r t i o n a l  to  .
So t h a t  e q u a t io n  (R -2 6 ) becom es
A Q  (R -2 7 )
w here  i n  t h i s  c a s e  A was e q u a l  t o  3.U 6 x  10 . The A ppendix  shows
v a lu e s  o f ^  a s  a f u n c t io n  o f  te m p e ra tu re  and  a l s o  a colum n f o r  
< k / &  ■ F ig u re  27 shows th e  co m p ariso n  o f  found  by e q u a t io n  
(R -2 7 ) and t h a t  p r e v io u s ly  o b ta in e d  by H o l l i s - H a l l e t t . The d i f f e r e n c e  
i s  shown in  F ig .  2 8 . I t  s h o u ld  be n o te d  th e  d i f f e r e n c e  r e a c h e s  a 
maximum a t  a p p ro x im a te ly  1 .9 °K , v e r y  n e a r  t o  w here one w ould e x p e c t  
a  maximum e f f e c t  o f  th e  d o r t e r - M i l 1 in k  m u tu a l f r i c t i o n .  The 
r e a s o n  f o r  th e  maximum in  th e  m u tu a l f r i c t i o n  i s  t h a t  i t  in v o lv e s  
th e  p r o d u c t  w h ich  m ax im izes  in  th e  n e ig h b o rh o o d  o f  1.9U °K .
P a r i  6 .  P a d d le  W heels i n  a  Clause O s c i l l a t o r  
The e x p e r im e n t  s u g g e s te d  and c o m p le te ly  e x p la in e d  in  P a r t  6 
o f  th e  M ethods C h a p te r  o f  t h i s  p a p e r  was p e r fo rm e d . F ig u re  29 shows 
th e  i n i t i a l  r e s u l t s ,  i . e .  t h e  c a l c u l a t i o n s  o f  th e  am ounts o f  added  
i n e r t i a  and (g au ze  a lo n e ,  and g au ze  w i th  p o s t s ) .  A c tu a l ly  
th e  second  o f  t h e s e ,  1 ^* , h a s  been  n o rm a liz e d  to  I  a t  th e  Lambda
52
p o in t .  T h is  was accom plished by s u b t r a c t i n g  0 .75  from each o f  the  
p o in t s  1 ^ ' and then  p l o t t i n g  i t  a s  shown. The reason  t h i s  was 
n e c e s sa ry  could hare  been t h a t  th e  gause was d is tu rb e d  an unknown 
amount fc>y c u t t in g  and r e b u i ld in g  th e  r o l l .  The d i f f e r e n c e  between 
TA and I A» which a c c o rd in g  to  e q u a t io n  (M-Ult) and (M—li5) should be
p ro p o r t io n a l i s  shown in  F ig .  30 t o g e th e r  w ith  th e
t h e o r e t i c a l  v a lu es  I_ /ir I t  i s  seen t h a t  th e  agreem ent i s
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The s im ple  th e o ry  which a c c o u n ts  f o r  an induced i n e r t i a  
i n  a no n v isco u s  f l u i d  has been t e s t e d  here n o t  on ly  in  th e  l i m i t  
a t  low te m p e ra tu re s  b u t  a l s o  o v e r  the  e n t i r e  range o f  te m p e ra tu re s .
The r e s u l t s  g iven  i n  P a r t  6 o f  C h ap te r  IV i n d i c a t e  t h a t  indeed the  
moment o f  i n e r t i a  induced by a c c e l e r a t i o n  o f  a  r i g h t  c i r c u l a r  
c y l i n d e r  p a s s in g  i n  a p e r f e c t  f l u i d  i s  j u s t  eq u a l  t o  th e  moment 
o f  i n e r t i a  o f th e  f l u i d  d i s p la c e d .  I t  should  be n o ted  from t h i s ,  
however, t h a t  t h i s  experim en t o f  padd le  w heels  in  gauze a l s o  i n d i c a t e s  
th e  hydrodynamic independence o f  th e  su p e r  and normal components.
The s u p e r f lu id  behaved in  the  same manner a s  i t  would have prov ided  
t h e r e  were no normal f l u i d  a t  a l l ,  and gave r e s u l t s  p r e d ic te d  on 
th e  grounds o f  independence .
On th e  o th e r  hand i t  i s  i n t e r e s t i n g  to  n o te  t h a t  the  theo ry  
w hich a c c o u n ts  f o r  th e  induced i n e r t i a  in  th e  case  o f  a  v is c o u s  
f l u i d  can make no d i s t i n c t i o n  between l i q u i d  helium  and any o th e r  
l i q u i d .  True th e  p r e d i c t i o n  o f  th e  v a lu e  o f  i n e r t i a  ex p ec ted  as  
o u t l i n e d  i n  C hap ter  TV i s  based on th e  two f l u i d  m odelj however, 
i f  a c a l c u l a t i o n  were made f o r  th e  ex p ec ted  i n c r e a s e  in  i n e r t i a  
u s in g  a  model in  which l iq u id  helium i s  on ly  an o rd in a ry  l i q u i d  
w i th  d e n s i t y  and v i s c o s i t y  ^  such t h a t  t h i s  ^  and a re
7h
r e l a t e d  to  ^  and ^  a s  fo llo w s
p * M .
( c - i )
then  the  p r e d ic t io n  i s  e x a c t ly  th e  same. There I s  some b a s i s  f o r  
u s ing  such a ^  and ^  because , as  i t  i s  w ell known, th e  experim en ts  
designed a s  v i s c o s i t y  measurements made by o s c i l l a t i n g  d i s k s  
a c t u a l l y  g ive  a s  t h e i r  r e s u l t s  n r  This  has been in t e r p r e t e d  
in  th e  p a s t  to  be the  t o t a l  d e n s i ty  ^  in  which case  a va lue  o f  ^  i s
o b ta in ed  which app roaches  aero a s  th e  tem p era tu re  approaches  zero .
/ V"-
R ecen tly  t h i s  q u a n t i ty  has been i n t e r p r e t e d  to  be where
n t w ^ ^  i s  used in  th e  c a l c u l a t i o n  o f  th e  v i s c o s i t y .  This  i s  done 
because i t  i s  supposed on th e  two f l u i d  model t h a t  only  th e  normal 
f l u i d  d e n s i ty  should e n t e r  i n to  the  c a l c u l a t i o n s .  Now t h i s  
experim en t by the  v e ry  n a tu re  o f  th e  c a l c u l a t i o n s  cannot p ic k  
one o f  th e  a l t e r n a t i v e s  bu t can view helium a s  e i t h e r  a bulk  
l i q u i d  l i k e  a l l  o th e r s  o r  on a two f l u i d  model. In t h i s  r e s p e c t  
a t  l e a s t  th e  hydrodynamics o f  l i q u i d  helium  a re  n o t  a t  a l l  p e c u l i a r ,  
bu t a r e  e x a c t ly  s im i l a r  to  o th e r  f l u i d s .
Agreement between the  v is c o u s  th eo ry  o f  S tokes  and t h i s  
experim en t a r e  such a s  to  i n d i c a t e  t h a t  th e  th e o ry  i s  indeed a 
good one. The e f f e c t  to  be t e s t e d  was, e s p e c i a l l y  a t  the  h ig h e r  
tem p era tu re s ,  a s iz a b le  p o r t io n  o f  th e  t o t a l  measured i n e r t i a  and 
th e  r e s u l t s  dem onstra te  r a t h e r  s t r i k i n g l y  the  v a l i d i t y  o f  the 
th e o ry .
APPENDIX
Experim ental d a ta ,  t o g e th e r  w ith  c a lc u la te d  r e s u l t s  a s  w ell
a s  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  th e  added i n e r t i a ,  I  , a r e
A
given below. The t h e o r e t i c a l  c a l c u l a t i o n s  o f  I ,  w i l l  f o r  th e
A
sake o f c l a r i t y  be la b e le d  in  t h i s  appendix I  .
T
Tn a l l  o f  the  d a ta  shown below th e  u n i t s  w il l  be as  fo l lo w s :
2
A ll moments o f  i n e r t i a  a re  in  g ram -cen tim e te r  . The p e r io d s  a r e  
in  seconds, and th e  te m p e ra tu re s  a re  in  deg rees  K elv in . When 
am plitude ap p ears  i t  w i l l  be in  r a d ia n s .
The *22 Second" O s c i l l a t o r
I o-» 6.0519 I  « 1 .820
I  = 2.271* £*,521.1*8
E *
T e T* XT
2.166 30.81*6 3.066 3.088
2.036 30.1*20 2.76 9 3.803
1.931 30.219 2.630 2.702
1.850 30.128 2.568 2.61*1
1.737 30.030 2.501 2.579
1.658 29.956 2.1*51 2.51*7
1.595 29.911* 2.1*1*3 2.523
1.511 29.861 2.386 2.1*96





The ”11 Second" O s c i l l a t o r
I t  6.0539 1 =  1.820O H
Ig* 2.27 k 125 .U8
T ®  T. T-rA T
2.166  15.008  2.890  2.861
2.038 11.858 2.679 2.559
1.962  1JU. Bll  2.616  2 .U88
1 . 86  ̂ 1U.767 2.551 2.U31
1.781 11.7^6 2.522 2.395
1.670 1U.721 2.U88 2.359
1.601 U . 7 0 1  2.U59 2 .3 l :
1 .55u 1 U. 6 8 8  2 .a a2 2.312
1 . 5 0 3  i a .675  2 . a 2a 2 . 3 2 2
1.U55 i a .660  2 .a03 2 . 31a
1.393 ia .6a3  2.379  2 . 3 0 6
1 . 350  i a . 6 2 1  2 .3a9  2 . 30 1
The *6 Second" O s c i l l a t o r  
I s  6.0539 I »  1.820
0  n
i g S  2 . 27a f l ^ * a 2 . 5 3 3
2.167 8.659 2.699 2.719
1 . 9 0 8  8.560 2 . a62 2 J ; 8 8
2.018 8.571 2.a88 2 .5 a i
1 .P 30 8 . 5 a e  2.a3a  2 .a 6 i
1 .770  8 . 5 3 9  2 . a i 2 2. a a a
1 . 70a e.531 2 . 3 9 3  2 .U2 H1 . 6 5 1  8 . 5 2 6  2 . 3 8 1  2 . U 1 7
1.596 8 . 5 2 1  2 . 3 6 9  2 . a o61.1*71 8 . 5 1 1  2 . 3 a 6  2.3821 . 3 9 7  8 . 5 0 U  2.329 2 . 3 7 21 . 3 1 5  8 . a 9 8  2 . 31a 2 .363
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The Two Column O s c i l la t o r
I  r 12.US9 Bk -  66 .072o
I  - 1 .122 
15
T G ta TT
2.161* 8.1*86 1 . 391* 1.381
2.087 8.1*62 1.317 1.291
1.951 8.1*1*1* 1.259 1.223
1.872 8.1*35 1.231 1.198
1.797 8.1*30 1.215 1.183
1.71*8 8.1*29 1.212 1.173
I . 6 9 6 6.1*27 1 . 2 0 6 1.167
1 . 6 8 a 8.1*21* 1.196 1.165
1 . 6 0 a 8.1*22 1.189 1.155
1.557 8.1*19 1.179 l . i a 9
1.1*97 8.1*17 1.171* 1.11*1*
1.1*22 8.1*15 1.168 1.139
1.1*06 8.1*15 1 . 1 6 8 1.138
1.186 B .a ia 1 . 1 6 ^ 1.177
1.173 8 . 1*11* 1 . 1 6 a 1.136
The Paddle Wheel O s c i l l a t o r
T * 26.887 a t  helium  te m p e ra tu re s  
o
e ^ i $ 2  .68 a t  helium  te m p e ra tu re s  
r^ c  1 .899 a t  helium  te m p e ra tu re s
T d 6
2.165 12.913 2 .U7 6
2.136 12.897 2 .aoa
2.102 12.827 2.087















0 % -  175*09 a t  he lium  te m p e r a tu r e s
Q - 5 .6 7 6
T &  T
A
2.157 16 .677  19 .15
2 .1 3 1  16.237 15*59
2 .071  15.9UO 13.93
2 .0 3 6  15 .738 12 .7 8
1 .9 9 8  15 .536 1 1 . 6 7
1 . 9 6 8  15 .7 5 8  10 .7 0
1 .9 1 5  15 .183 9 .7 6 2
1.865  lU . 999 8.7814
1.808  lU. 820 7 .8 M
1.7U7 Hi. 650 6 .9 6 2
1 .6 7 1  1U.U69 6.03U
1 .5 5 6  1U.259 U.971
1.3U0 1U.005 3 .707
Gauze w i th  P a d d le s
a.
2 1 5 .3U a t  h e liu m  te m p e r a tu r e s
Q -  5 .678
2 .158  17 .765  17 .655
2.12U 17.U56 15 .752
2 . 0 8 1  17 .195  II4. I /47
2.0J11 17 .0 0 0  12 .9 7 2
1 .9 9 6  16 .8 1 2  11 .852
1 .9 5 6  16 .667  10 .998
1 .9 0 6  16 .5 0 2  10 .035
1.85U 16 .355  9.1814
1 .7 9 6  16 .202  8 .3 0 5
1 .7 3 0  16.0U9 7.U37
I . 6 UI4 15 .898  6 .588
1 .555  15 .765  5.8U7
1.U03 15 .596  a . 913
1 .2 8 8  1 5 .5 1 2  U.U52
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Values  o f  the
K










C r i t i c a l  Ampli tude in
e
a . i e c
U. 171 
a .  165 




a . i a i  
a . 1 3 3  
a . 128
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